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Abstract.
A survey of  e x i s t i n g  l i t e r a t u r e  on robot research in d ic a te d  th a t  
l i t t l e  work had been done in the area of general dynamic s im u la t io n  of 
I n d u s t r i a l  robots which possessed the f a c i l i t y  f o r  qu ick e v a lu a t i o n  of 
d i f fe re n t  robot structures and d r ive  configurat ions. The Robot Arm Dynamic 
S imu la t ion  Package ( RADSP ) presented in  t h i s  t h e s is  has been developed 
w i th  these fea tu res  in mind to  p rov ide  rap id  assessment o f  I n d u s t r i a l  
robots using modular computat ion. The s im u la t io n  package i s  w r i t t e n  in 
FORTRAN 77 and can be executed on a PRIME or other su i tab le  microcomputers.
The freebody method i s  employed f o r  the genera t ion  of  the k inem at ic  
and dynamic motion a lg o r i th m s  because of i t s  s i m p l i c i t y  and shor t  
procedures which are found to be compatible with the modular concept. The 
freebody method is  employed in the modell ing of se r ia l  s t ruc tu ra l  robots on 
the assumption t h a t  the C o r i o l i s  and Gyroscopic to rque terms are 
ins ig n i f i c a n t  in the robot torque equations at robot v e lo c i t ie s .
The RADSP consists of simulat ion program modules which represent the 
four main parts of an Indus tr ia l  robot; these are the c o n t r o l l e r ,  the power 
a c tu a to r ,  the j o i n t  and the l i n k .  A lso ,  the RADSP in c lu d e s  the in v e rs e  
kinematic, t ra je c to ry  planning, r e s u l t ,  geometr ica l  m o d e l l in g  and graph 
p lo t t i n g  package modules.
The va l ida t ion  of the RADSP was undertaken on the Asea IRb6 robot f o r  
the th ree  upper l i n k s  and on a robot b e l t  -  d r i v e .  The r e s u l t s  o f  the 
va l ida t ion  works were found to  be acceptable.
A. E. Somoye December 1985.
Dedication.
To my parents,
Chief Samuel Olubunmi Adefoluso Somoye
and
Mrs Beatrice Aje Somoye.
A. E. Somoye December 1985
Acknowledgement.
I would l i k e  to  express my g r a t i t u d e  to  my sup e rv iso rs  Pro fessor  
Graham Parker and Doctor John Thomas fo r  a l l  t h e i r  help, encouragement and 
moral support throughout the course of the work.
I woul d 1 i ke to  acknowl edge Abubakar Tafawa Bal ewa Col 1 ege, Ahmadu 
B e l lo  Un ivers i ty ,  Bauchi ( former ly the Federal Un ivers i ty  of Technology, 
Bauchi ) f o r  the award o f  the Ph.D sponsorship.  I a l s o  acknowl edge the 
award from the CVCP.
I would l i k e  to  thank Mr Mike Jef fery  fo r  his technical  support during 
the course of the work and most espec ia l ly  during the va l id a t io n  tes ts .  In 
a d d i t i o n ,  I wish to  thank al 1 the te c h n ic ian s  who supported the research 
project namely Mr Rodger Warren, Mr C l i f f  Everest and Mr David Bai ley and 
in  p a r t i c u l a r ,  Mr George Green f o r  h is  good-humour and moral suppor t .  I 
would l i k e  to  thank Mr Ansu Koroma fo r  a l l  his help and time with the use 
of the Medusa.
F in a l l y ,  I would l i k e  to  thank the research students and s t a f f  of the 
Department of Mechanical Engineering and most espec ia l ly  the Control and 
Robotic research group who made my short stay in the department a memorable 
one.
I wish Pro fessor  Graham Parker and Doctor John Thomas every  success 
with the continuance of the research work.
A. E. Somoye December 1985.
Abstract
T A B L E  OF  C O N T E N T S
Dedi cat i  on.......................... . . ............................................... -....■................................ i i i
Acknowl edgement  .......  i v
Table of Contents..................................  . ........... .v
Nomencl atu re     xi i
1. INTRODUCTION....................................     1
1.1. Methods of generating robot kinematic equations................................. 3
1.2. Methods fo r  determining and el iminating robot kinematic e r r o r s . . 9
1.3. Methods fo r  the generation of the robot t r a je c to r y ......................... 10
1.4. Methods fo r  generating robot dynamic equations................................. 11
1.5. Methods fo r  the determination and el imination of dynamic e r r o r . 18
1.6. Robot simulat ion programs.......................................................................... 20
1.7. Val idation of simulat ion programs....................    23
1.8. Outline of th is  research p ro jec t .............   . .24
2. GENERAL THEORY...............       27
2.1. In t roduc t ion .................................................................................................... 27
2.2. General kinematic equations.........................   27
2.2.1. Angular displacement, l inear  posit ion and
or ien ta t ion  vectors.............................................................................. 28
2.2 .2 . Angular, l inea r  and or ienta t ion ve loc i ty  vecto rs  ......... 33
2.2.3. Angular, l inea r  and or ienta t ion accelerat ion vectors ............. 38
2.3. General dynamic equations.......................................................................... 43
2.3.1 . Linear momentum v e c to r . . .....................................................................44
2.3.2.  Force vector ............................................................................................ 44
2.3.3. Angular momentum vector.............   45
2.3.4.  Torque vector .......................................................................  46
2.4. Discussion.............................................   47
3. ROBOT STRUCTURE EQUATIONS...............   58
3.1. In t roduct ion .....................     58
3.2. The Link system.............................................................................................. 58
3.3. The Jo in t  s y s te m . . . . . ...............................................................  62
3.3.1. The revolute J o in t ......................................  62
3.3.2. The pr ismatic J o in t ..............................................................................66
3.3.3.  The cy l ind r ica l  J o in t   ..................................  68
3.4. Inverse k inemat ics . . ..............................................................  69
3.5. Trajectory generation.........................  70
3;6. Discussion........................................................................... . . .7 4
4. ROBOT DRIVE EQUATIONS.....................................................................   .80
4.1. In t roduc t ion ...............      80
4.2. Valve contro l led hydraul ic actuators ..................................................... 81
4.2.1. The hydraul ic p i s t o n . . . ....................................................................... 81
4.2.2. The single vane rotary actuator.................   82
4.3. The e le c t r i c  actuator ...................................................................................83
4.3.1. The d.c motor. .........................................................................................83
4.4. The dr ive components...............   84
4.4.1. The reduction gear.....................................................  84
4.4.2. The harmonic d r iv e .................................................................................84
4.4.3.  The be l t  d r iv e .........................................................................................85
A. E. Somoye December 1985.
4.4.4. The b a l ls c re w . . . .......................   86
4.4.5. The l inkage d r ives .......................................   87
4.5. The control algori thms fo r  an arm system.............................................91
4.6. Discussion.........................   94
5. THE ROBOT ARM DYNAMIC SIMULATION PACKAGE.............    103
5.1. In t roduct ion   ...............................................   103
5.2. The program modules...................   104
5.2.1. The I n i t i a l  module . . . ..........................................................................104
5.2.2. The Drive module  ..................  105
5.2.3. The Join t module................................................................................... 105
5.2.4. The Link module..........................  106
5.2.5. The Inverse Kinematic module..............................................  106
5.2.6. The Trajectory Planning module........................................................107
5.2.7. The Result module................................................................................. 107
5.2.8. The Graph P lo t t ing  module..................................................................108
5.2.9. The Geometric modelling module  ..........................................108
5.3. The Forward Simulation Program....................................................... . . . .109
5.4. The Backward Simulation Program..................................................... . . . .109
5.5. The USERS' In te r face ........................................................................... . . . .110
5.6. Discussion.......................    I l l
6. THE ASEA IRb6 ROBOT.............    125
6.1. In t roduct ion .......................................................    125
6.2. The kinematic equations.............................................................................125
6.3. The inverse kinematics..............................................................................135
6.4. The dynamic equations...............................     142
6.5. The inverse dynamics...............................................   146
6.6. Discussion.....................................     146
7. THE VALIDATION OF THE ROBOT ARM DYNAMIC SIMULATION PACKAGE................153
7.1. In t roduct ion...........................    153
7.2. The va l ida t ion of the end - e f fec to r  dynamic response............. . .156
7.3. The va l ida t ion of the upper l i n k  dynamic response........................ 162
7.4. The va l ida t ion of the lower l i n k  dynamic response......................... 164
7.5. Discussion...........................................................................  166
8. VALIDATION OF A ROBOT -  BELT DRIVE..............    197
8.1. In t roduct ion..................................................................................................197
8.2. Description of the tes t  r i g .....................................................................201
8.3. The robot l i n k  centre of mass and moment of i n e r t i a  t e s t s  202
8.3.1. The robot l i n k  centre of mass t e s t ............................................... 202
8.3.2. The robot l i n k  moment of in e r t ia  t e s t ............................... . . . . . 2 0 3
8.4. The be l t  s t i f fness  coe f f ic ien ts  t e s t s ................................................. 204
8.4.1. The be l t  s ta t i c  s t i f fness  coe f f ic ien t  t e s t . . . ......................... 204
8.4.2. The be l t  dynamic s t i f fness  coe f f ic ie n t  t e s t ............................. 205
8.5. The dynamic equations of the robot - be l t  d r iv e ............................. 208
8.6. The control simulat ion of the robot be l t  d r ives  ......................211
8.7. The va l ida t ion of the RADSP fo r  the robot - be l t  d r i v e .................... 213
8.8. Discussion.......................................................................................................214
9. CONCLUSIONS AND RECOMMENDATIONS.......................................................................240
9.1. Conclusions................................................................... ................................ 240
9.2. Recommendations fo r  fu ture work............................................................. 243
BIBLIOGRAPHY....................................................................................................................245
A. E. Somoye December 1985.
Appendix A : The Harmonic dr ive loss motion equation.................................... 252
APPENDIX B : The RADSP Users' Guide...................................................................... 254
Appendix C : Asea Irb6 robot technical data...................................................... 270
Appendix D : The e x p l i c i t  kinematic and dynamic equations of
the Asea IRb6 robot.............................................................................282
Appendix E : The robot - be l t  dr ive technical data........................................ 305
Appendix F : The control algorithms fo r  d i f fe re n t  robot
be l t  -  dr ive configurat ions.................................   .312
Published P a p e r . . . . ................................................................... 319
A. E. Somoye December 1985.
L I  S T  O F  F I G U R E S
2-1: A schematic sketch of an N l in k  ser ia l  r o b o t . . .......................................... 50
2-2: A schematic sketch of the l in k  ( i ) .................................................................. 51
2-3: A schematic sketch of the posit ion vector of axis system ( i -1  )
measured in frame ( i ) and referenced to frame ( i ) .............................52
2-4: A schematic sketch of the ve loc ity  vector of axis system ( i -1  )
measured in frame ( i ) and referenced to frame ( i ) .............................53
2-5: A schematic sketch of the accelerat ion vector of axis system
( i -1  ) measured in frame ( i ) and referenced to  frame ( i ) ........... 54
2-6: A schematic sketch of an N l in k  ser ia l  robot with loads........................55
2-7: A schematic sketch of the l i n k  ( i ) with loads....................................... 56
3-1: A schematic sketch of a pr ismatic j o i n t ....................................................... 76
3-2: A schematic sketch of a cy l ind r ica l  j o i n t ...................................................76
3-3: A schematic sketch of a spherical t r a je c to r y ............................................. 77
3-4: A schematic sketch of a s t ra igh t  l ine  t r a je c t o r y .....................................78
4-1: A schematic sketch and closed loop block diagram
of an equal area valve control hydraul ic p is ton ..................................... 95
4-2: A schematic sketch and closed loop block diagram
of a valve control rotary actuator............................................. . . . . . . . . 9 6
4-3: A schematic sketch and closed loop block diagram of a d.c motor. . . .97
4-4: A schematic sketch of a reduction gear t r a i n .............................................98
4-5: A schematic sketch of a be l t  d r i v e . . . ...........................................................98
4-6: A schematic sketch of a leadscrew .......................  99
4-7: A schematic sketch of a l inkage d r ive ..........................................................99
4-8: A schematic sketch of the Asea IRb 6 robot lower l inkage d r i v e . . . . 100
4-9: A schematic sketch of the Asea IRb 6 robot upper l inkage d r i v e . . . .100
4-10:A general block diagram fo r  closed loop control
of power ac tuator   .....................................................................................101
5-1: The concept of the Robot Arm Dynamic Simulation Package..................... 113
5-2: The Robot Arm Dynamic Simulation Package ca l l  rou t ines ....................... 114
5-3: The f lowchart of the INITIAL module.............................................................115
5-4: The f lowchart of the DRIVE module..................,..............................................116
5-5: The f lowchart of the JOINT module................................................................. 117
5-6: The f lowchart of the LINK module showing the f lowcharts of
the kinematic and dynamic modules.................................................  118
5-7: The f lowchart of the INVERSE KINEMATICS module....................................... 119
5-8: The f lowchart of the TRAJECTORY PLANNING module.........................   120
5-9: A simulated motion of a 4 l in k  ser ia l  robot using
the geometrical modelling m o d u le . . . . . . ....................................................... 121
5-10: The f lowchart of the forward simulat ion version of the RADSP 122
5-11: The f lowchart of the backward simulation version of the RADSP....123
6-1: A schematic sketch of the Asea IRb6 robot......................................... . . . .1 4 8
6-2: A drawing of the Asea IRb6 robot....................................... .......................... 149
6-3: A schematic sketch of the inverse kinematics of
the Asea IRb6 r o b o t . . .................................  150
7-1: A schematic sketch of the Asea IRb6 robot work boundary.......................167
7-2: A schematic sketch of the current error  evaluation concept................ 168
7-3: A photograph of the Asea IRb6 robot va l ida t ion  tes t  r i g .......................169
7-4: A schematic sketch of the Asea IRb6 robot motor assembly.....................170
7-5: A schematic sketch of the Asea IRb6 robot posi t ions
during Tests 1 and 2...........................................................................................171
7-6: A schematic sketch of the Asea IRb6 robot posi t ions
A. E. Somoye December 1985.
during Tests 1, 2 and 3.................................................................................... 172
7-7: A schematic sketch of the end - e f fec to r  drive con f igu ra t ion .......... 173
7-8: The measured end - e f fec to r  tacho speed fo r  the Test 1.........................174
7-9: The measured and calculated end - e f fec to r  motor current
fo r  the Test 1...................................................................................................... 175
7-10: The end - e f fec to r  Test 1 current error  c o e f f i c ie n ts ......................... 176
7-11: The measured end - e f fec to r  tacho speed fo r  the Test 2.....................177
7-12: The measured and calculated end - e f fec to r  motor current
fo r  the Test 2...................  178
7-13: The end - e f fec to r  Test 2 current error  c o e f f i c ie n ts ......................... 179
7-14: A schematic sketch of the Asea IRb6 robot upper
l in k  dr ive con f igura t ion ................................................................................ 180
7-15: The measured upper l i n k  tacho speed fo r  the Test 3 . . . .......................181
7-16: The measured and calculated upper l in k  motor current
fo r  the Test 3..............................................   182
7-17: The upper l in k  Test 3 current error  c o e f f i c ie n ts .....................  183
7-18: The upper l i n k  measured tacho speed fo r  Test 4 . .................  184
7-19: The measured and calculated upper l in k  motor current
fo r  the Test 4..................    . . ................ 185
7-20: A schematic sketch of the Asea IRb6 robot lower
l in k  dr ive con f igura t ion ...............................  186
7-21: The measured lower l i n k  tacho speed fo r  the Test 3 . . .........................187
7-22: The measured and calculated lower l in k  motor currents
fo r  the Test 3 ................................................................................................... 188
7-23: The measured lower l in k  tacho speed fo r  the Test 4 ............................ 189
7-24: The measured and calculated lower l i n k  motor currents
fo r  the Test 4 . . . ............................................................. . . « .................. . . . . 1 9 0
7-25: The measured upper and lower l in k s '  tacho speed fo r  the Test 5.. .191
7-26: The measured and calculated upper l in k  motor currents
fo r  the Test 5.................................................................................................... 192
7-27: The measured and calculated lower l in k  motor currents
fo r  the Test 5...............       193
8-1: A schematic sketch of d i f fe re n t  robot be l t  -  dr ive 
conf igurat ions...................................................................................................... 216
8-2: A schematic sketch of d i f fe re n t  robot be l t  - dr ive
be l t  tensioner.......................     217
8-3: A photgraph of the robot be l t  -  dr ive tes t  r i g . . . . .................................218
8-4: A schematic sketch of the robot be l t  -  dr ive te s t  r i g ..................... . . .219
8-5: A schematic sketch of the robot l in k  under centre of mass t e s t . . . . 2-20
8-6: The robot l in k  centre of mass against added mass....................................221
8-7: A schematic sketch of the robot l in k  under
moment of in e r t ia  t e s t   ........    222
8-8: The periodic time of one o s c i l la t io n  against added mass ................. 223
8-9: The robot l in k  moment of in e r t ia  against added mass.............................. 224
8-10: The angular displacement against robot l in k  grav i ty  to rqu e . . . . . . . 2 2 5
8-11: The s ta t ic  s t i f fn ess  coe f f ic ien ts  against pu l leys '
centre distance...................................................................................................226
8-12: A typ ica l  angular displacement trace recorded
during the dynamic s t i f fness  t e s t   ..................................................227
8-13: The dynamic s t i f fness  coe f f ic ien ts  against added mass.........................228
8-14: The natural frequencies against added mass............................................ 229
8-15: A freebody diagram of the robot belt  -  d r iv e .........................................230
8-16: The closed loop block diagrams of the d i f fe re n t
robot be l t  - dr ive con f igura t ion ............................................................... 231
8-17: The angular displacement step response of
the robot be l t  -  dr ive configurat ion Type A................................  232
8-18: The angular displacement step response of
A. E. Somoye December 1985.
the robot be l t  -  dr ive configurat ion Type B.......................................... 233
8-19: The angular displacement step response of
the robot be l t  -  dr ive configurat ion Type C.......................................... 234
8-20: The measured tacho speed fo r  the robot l i n k  wi th no load....................235
8-21: The measured and calculated motor currents fo r
the robot l in k  wi th no l o a d . . ......................................................................236
8-22: The measured tacho speed fo r  the robot l in k  wi th lOKg load............... 237
8-23: The measured and calculated motor currents fo r
the robot l i n k  wi th lOKg load.......................   238
B- l :  The f lowchart  of the forward simulat ion version of the RADSP.. . . . . 2 6 6
B-2: The f lowchart of the backward simulat ion version of the RADSP 267
B-3: A schematic sketch of a robot l i n k ...............................................................268
E- l :  The manufacturer's equation fo r  tensioning the toothed b e l t ............. 308
E-2: A c i r c u i t  diagram of the incremental encoder decoding device 309
E-3: A c i r c u i t  diagram of the 12 b i t  d ig i t a l  -  to  analogue conver te r . ..310
A. E. Somoye December 1985.
kill of. IkikLk
6-1: The physical data of the Asea IRb6 robot................................................. 151
7-1: The corresponding j o i n t  angles fo r  the Asea IRb6 robot
work boundary........................................................................................................ 194
7-2: The d.c motor, tachometer and resolver p roper t ies ............................... 194
7-3: The bal lscrew and harmonic drive technical data................................... 195
A. E. Somoye December 1985.
NOMENCLATURE.
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NOMENCLATURE,
A P 
B c
B m 
B
P
C -f- r»tp
m
K i
Area of Piston.
Viscous Damping of Actuator.
Motor Damping c o e f f i c ie n t .
Viscous Damping coe f f ic ie n t  of Piston.
Total leakage coe f f ic ien t  of Piston.
Swept volume.
Supply voltage.
Force generated by Piston.
Arb i t ra ry  load force on Piston.
Armature current.
Total motor moment of i n e r t i a .
Total moment of i n e r t i a  of  A c tua to r  and load 
referred to  Actuator.
Load spring gradient.
Proportional Gain.
Back Emf constant.
Valve pressure c o e f f i c ie n t .
D i f fe re n t ia to r  co e f f i c ie n t .
Motor torque constant.
Integrator coe f f ic ien t  
Load angular spring gradient.
Valve f low gain.
Radial displacement.
Radial ve loc i ty .
Radial accelerat ion. 
Motor inductance. 
Applied mass.
A. E. Somoye December 1985.
M ^ : Tota l mass of P iston and load re fe r r e d  to
Piston.
P L : Pressure Difference.
R a ; Terminal resistance.
9 P
: Angular Displacement of Actuator.
9
: Torque generated by rotary Actuator.
t l
: Load torque.
T m : Torque generated by E lec t r ic  Motor.
V t : Total volume.
W : Width of vane.
X P
: Displacement of Piston.
x V
: Displacement of valve.
u h : Natural frequency.
5 h : Damping co e f f i c ie n t .
n : Coeff ic ient of s ta t ic  f r i c t i o n .
a : Lead
e : Lead e f f ic iency .
a : Orientat ion angle about X - ax is.
3 : Orientat ion angle about Y -  ax is.
: Orientat ion angle about Z -  axis.
{ > : Denotes a column matrix.
[  ] : Denotes a 3 x 3 matr ix.
{ F } : Force vector.
< F p >■ i / i
: Force ac t in g  on Load P measured in  Frame
referenced to  Frame /M .
( i )
{ G > : Linear momentum vector.
{ H } : Angular Momentum vector.
I  H > : Torque vector.
[  I ] : The moment of  i n e r t i a .
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[  L ] : The Transfo rmat ion  m a t r i x .  A 3 x 3 or thogonal
matr ix of d i rec t ion  cosines.
{ R } : Position and Relat ive Posit ion vector.
{ R } : Linear Veloci ty vector.
{ R } : Linear Acceleration vector.
{ R } : Radial Posit ion vector,o
•
{ R } : Radial Velocity vector,o
{ R } : Radial Acceleration vector.
{ e } : Angular Displacement vector
{ T } : Torque vector.
{ u > : Angular Veloc ity vector.
{ o } : Angular Accelerat ion vector.
{ a > : Orientat ion vector.
{ q } : Or ientat ion vector.
{ a > : Or ientat ion vector.
{ R > d/ d : Specifies the vector of point  B re la t i v e  to  point
A measured in Frame ^ and referenced to  Frame 
[  I K : Number s u f f i x e s  are used in  the same way as f o r
vector. Thus th is  describes the i n e r t i a  of body K 
about the axis of ro ta t ion  measured w i th  respect 
to Frame ^  and referenced to  Frame
Suff ix  T : Denote at the t i p  of a given l in k .
com : Denotes at the centre of mass of a given l in k .
B : Denotes at the base of a given l i n k .
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1. INTRODUCTION.
There is  a cons iderab le  demand on in d u s t r i e s  to  develop and improve 
e f f i c i e n c y .  This demand has generated a growing i n t e r e s t  in  robots  to  
prov ide f l e x i b l e  automation in batch manufac tur ing .  F i r s t  genera t ion  
robo ts ,  w h i le  f u l f i l l i n g  an e a r ly  need in t h i s  area, are d e f i c i e n t  in  
s t ruc tura l  design and overal l  performance. This has led, amongst others, to  
an i n t e r e s t  in  the improvement of robot arms [ 1 ] ,  which may be sub - 
divided in to  :
( i )  Design o f  r o b o t i c  arms s a t i s f y i n g  p r e s c r i b e d  f u n c t i o n a l  
requirements.
( i i )  Engineer ing ana lys is  in v o lv in g  k in e m a t ic ,  s t a t i c  and dynamic 
response of the robotic arm.
( i i i )  A p p l i c a t io n  of  con t ro l  theory  in  design and development o f  
robot ic arms.
The k inem a t ic  and dynamic ana lys is  o f  robot arms is  c e n t ra l  t o  any 
improvements in  arm design from the s t r u c t u r a l  p o in t  of view and at  the  
same t ime provide a system evaluation of robots model which enables be t te r  
con t ro l  s t r a te g ie s  to  be developed. These requirements  have i n i t i a t e d  a 
growing in te res t  in the generation of robot kinematic and dynamic equations 
using d i f fe ren t  methods. Success in generating these equations has resul ted 
in robot algorithms fo r  both on - l in e  and o f f  -  l in e  computer s imula t ion.  
One of  the main o b je c t iv e s  of  c u r re n t  research is  to  produce f a s t e r  
responding arms.
To achieve t h i s  o b je c t i v e ,  i t  i s  necessary to  exper iment w i t h  
d i f fe re n t  robot configurat ions, l i g h te r  robot arms, and better  robot dr ive 
configurat ions. These experiments are conveniently performed using computer
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s im u la t io n  as t h i s  saves t im e ,  e f f o r t  and expense. I t  i s  t h e r e f o re  
necessary to keep the cost of such simulat ion programs to  a level which is  
economic compared with pract ica l  experimentation. With these considerat ions 
in  mind a general purpose Robot Arm Dynamic S im u la t ion  Package has been 
w r i t ten  and is presented in th is  thesis.
In t h i s  Chapter, a comprehensive survey of  e x i s t i n g  l i t e r a t u r e  on 
robotic arm research is  presented. The research areas include methods fo r  
generat ing robot k inem a t ic  and dynamic equat ions ,  methods f o r  the 
eva lua t io n  of robot k ine m a t ic  and dynamic e r r o r s ,  and c u r re n t  robot 
simulat ion programs. Also presented is an out l ine of th is  research pro ject .
1.1 . Methods of generating robot kinematic equations.
There are two problems associated wi th  robot pos i t ion ing. The f i r s t  
one is the forward solut ion which is concerned with  the determination of 
the state of the end - e f fec to r  or Tool Centre Point (TCP) fo r  given values 
of  j o i n t  angles. That i s ,  given the j o i n t  angles, the p o s i t i o n  and 
or ienta t ion of the end - e f fec to r  are determined. The second problem is  the 
de te rm ina t ion  of j o i n t  angles f o r  a given TCP s ta te .  That i s ,  given the 
p o s i t i o n  and o r ie n t a t i o n  of  the end - e f f e c t o r ,  the j o i n t s  angles are 
eva luated. The f i r s t  problem is  s t r a ig h t  - fo rw ard  to  so lve using one of 
the methods discussed in th is  Chapter [  1 -  26 ].  The second problem is  not 
easy to  solve and many authors [  5 - 8, 11, 16, 19, 22, 27 - 29 ]  have used 
d i f fe re n t  methods and optimization techniques to obtain the so lu t ion .  The 
solu t ion to the f i r s t  problem is  known as the d i rec t  kinematic or forward 
solut ion while the so lu t ion to  the second problem, is  known as the inverse 
kinematic or backward solut ion .
When a robot's geometry is  simple and well  understood, t r igonometr ic
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equations may be used to determine the posi t ion and or ien ta t ion  of the end 
- e f f e c t o r  given the j o i n t s  angles. This method can a lso  be used f o r  
inverse kinematics except tha t  a number of possible j o i n t  angles which can 
posit ion and orientate the end - e f fec to r  w i l l  be determined. The reason 
being that only one end - e f fec to r  posit ion is  determined from a given set 
of j o i n t  angles w h i le  the re  are a number of c o n f ig u ra t io n s  o f  the 
manipulator's l inks  which place the end - e f fec to r  in the same posi t ion and 
or ienta t ion.  Normally only one so lu t ion corresponding to  a given kinematic 
configurat ion is  desired rather than the en t i re  set of solut ions.  To f ind  
the solu t ion,  the use of an optimization technique is required. The desired 
s o lu t io n  may be needed f o r  a real  - t im e  servo loop c o n t ro l  and on ly  a 
l im i te d  number of mathematical operations may be performed between sampling 
in te rva ls .  The sampling rate fo r  a real -  t ime robot servo loop control is  
t y p ic a l l y  about 60 Hertz. Therefore, s ix  degrees of freedom manipulators 
are s u f f i c i e n t l y  complex t h a t  the d i r e c t  t r i g o n o m e t r i c  methods i s  too  
d i f f i c u l t  to  apply.
Crouch [ 2 ]  has developed m a t r ix  k ine m a t ic  equat ions f o r  p lana r  
l inkage mechanisms which can be adapted fo r  use wi th  robots. The kinematic 
equat ions are re a d i l y  ob ta inab le  w i th  ease of  computa tion. However, the 
method becomes d i f f i c u l t  to  generate manually when a robot having more than 
three degrees of freedom is  under considerat ion. The method is  derived from 
basic t r i g o n o m e t r i c  p r i n c i p l e  w i th  the r o t a t i o n  matr ices  used in  the 
kinematic equations configured from d i rec t ion  cosine matrices fo r  x - ax is, 
y - a x is ,  and z - ax is r o ta t i o n s  re s p e c t i v e l y .  The method f a c i l i t a t e s  a 
possible combination of these ro ta t ion  matrices.
A method s im i la r  to  Crouch's has been developed by Benati et al [ 3 - 
5 ] .  The method employs the use of Euler angles and Rodrigues vectors [  6 ]  
f o r  the development o f  k in e m a t ic  and i n v e r s e  k i n e m a t i c  e q u a t io n s
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respectively. The method has been developed fo r  anthropomorphic manipulator 
arms and uses a no ta t io n  s i m i l a r  to  t h a t  used by Crouch. The Euler  angles 
are a spec i f ic  order of three j o i n t  ro ta t ions,  such that  a f i r s t  ro ta t ion  
is  taken about the y - axis, fol lowed by an x - axis ro ta t ion ,  and the las t  
r o ta t i o n  is  about y - ax is .  The generated t ra n s fo rm a t io n  ma tr ices  are 
converted to Rodrigues vectors to  enhance quick solut ions to the inverse 
k inem at ic  problems. The Rodrigues vec to rs  can be converted back to  
transformation matrices fo r  the forward recursion.
The inverse k inem at ic  s o lu t i o n  is  re c u rs iv e ,  p a r t l y  a n a l y t i c a l  and 
par t ly  numerical. Two algorithms are generated fo r  the inverse kinematic 
s o lu t io n .  One computes a sequence of  arm c o n f ig u ra t io n s  from a given 
sequence of TCP p o s i t io n s  and o r ie n t a t i o n s .  The o ther  ad jus ts  the update 
configurat ion according to a quadra t ic  o p t im iz a t i o n  c r i t e r i o n .  There are 
fou r  basic steps to  the procedure. The f i r s t  step deals w i t h  the 
c o n f ig u ra t io n s  of  the arm at the i n i t i a l  and f i n a l  p o s i t i o n s  and 
o r ie n ta t i o n s .  The second step is  the d isp lacement of the arm to  the  new 
location and adjustment of the length by some ro ta t ion .  The th i r d  step is  
to al ign the length to the arm. VJhile the la s t  step is  the opt imizat ion of 
a l l  the rotat ions involved in obtaining the f in a l  posi t ion and or ien ta t ion .  
Anthropomorphic arms have seven degrees of  freedoms, th ree  degrees of  
freedom at the shoulder, one at the elbow, and three at w r is t .  Benati et al 
[  5 ]  suggest t h a t  the equat ions generated f o r  these man ipu la to rs  may be 
used fo r  robots with seven degrees of freedom.
The method commonly used f o r  genera t ing  k inem at ic  and inve rse  
k inemat ic  equations f o r  robot systems i s  due to  Denavit  and Hartenberg 
method [ 7 - 1 7  ] .  U icker  e t  al [  18 ]  have developed an i n t e r a c t i v e  
displacement analysis method which is  derived from th is  method. Also, the 
method has been extended by Richard P. Paul [  9 ] .  The k in e m a t ic  and
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i n v e r s e  k in e m a t i c  e q u a t io n s  are ge nera te d  w i t h  th e  a id  o f  4 x 4 
transformation matrices rather than 3 x 3  ro ta t ion matrices used in methods 
discussed e a r l ie r .  The transformation matrices are configured as fo l lo w s
v
A A A ^
r q -i _  ^ n J n  ^ n r on
n m 0 0 0 1
Where
A A A
i , j  , k are 3 x 1  vec to rs  whose components are w r i t t e n  n’ n ’ n ^
r e la t i v e  to  frame m and const i tu te  the ro ta t ion matr ix.
~r i s  a vec to r  from the o r i g i n  of  frame m to  the  o r i g i n  ofon 3 3
1 frame n. 1 is  the scale fac to r .
To use t h i s  method, a knowledge of ass ign ing coord ina te  frame and m a t r ix  
products are requ i red .  Coordinate frames are fo rm u la ted  f o r  r e v o lu t e ,  
c y l in d r ic a l  and prismatic jo in t s .  A set of ru les have to  be fo l lowed fo r  
attaching coordinate frames to ind iv idua l  l inks .  The jo in t s '  transformation 
matr ices are s i m i l a r  except t h a t  f o r  r e v o lu te  and p r i s m a t i c  j o i n t s ,  
t rans la t iona l  and angular motion var iables are constant respect ive ly .  While 
fo r  c y l in d r i c a l  jo in t s  no var iab le  is  constant.
Richard P. Paul et al [  10 - 12 ]  extended the Denavit and Hartenberg 
method to  in c lu d e  the generat ion of d i f f e r e n t i a l  change in  p o s i t i o n  and 
orienta t ion of the robot end - e f fec to r  in terms of d i f f e r e n t i a l  change in 
jo i n t  coordinates. At the time of w r i t ing ,  kinematic and inverse kinematic 
equations are generated manually using symbolic notat ions. Although these 
equations are r e a d i l y  o b ta in a b le ,  i t  i s  noted t h a t  i t  takes t ime to  
generate the kinematic and inverse kinematic so lu t ions. Inverse kinematic 
t ran s fo rm a t io n  matr ices are obta ined d i r e c t l y  from the transpose
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of kinematic transformation matrices. These equations are equated and, w i th  
the a id of t r i g o n o m e t r i c  a n a ly s is ,  inve rse  k inem a t ic  s o lu t io n s  are 
obta ined. Paul [  11 ] has given examples of the d e r i v a t io n  of  k in e m a t ic  
and inverse kinematic equations fo r  indus t r ia l  robots most especia l ly  the 
Puma 600 robot and the Stanford Arm. In order  to  reduce t im e  and e f f o r t  
involved in generating these equations, systematic computer methods have 
been formulated by various authors [ 18 ].
From the examples given in [  11 ] ,  i t  i s  usefu l  to  note t h a t  t h i s  
method becomes tedious when manipulators wi th  more than three degrees of 
freedom are under consideration. Ardayfio [  19 ]  suggests that  the use of 3 
x 3 t ra n s fo rm a t io n  ma tr ices  in  place of  4 x 4 m atr ices  reduces the 
computation t ime by almost ha l f .
Gutman and Langer [  20 ]  extending the e a r l ie r  works on anthromorphic 
robots ,  have fo rm u la ted  a method based on th e  work of  Denavit  and 
Hartenberg [ 7 ]  f o r  the design of a j o i n t e d  arm robot .  The method takes 
i n t o  account the co n t ro l  aspects of the j o i n t  ac tua to rs  so t h a t  a 
t r a j e c t o r y  con t ro l  a lg o r i th m  can be generated. The authors  p rov ide  
experimental results to  show the ef fects  of the kinematic parameters in the 
design of such robots.
Turic and Wil l iams [ 21 ] have formulated a procedure using the method 
of Denavit and Hartenberg [  7 ]  to  generate kinematic matr ix equations fo r  
a robot system. The method uses le a s t  square i t e r a t i o n  to  de term ine the 
robot end - e f f e c t o r  p o s i t i o n ,  v e l o c i t y  and a c c e le ra t io n  and the  same 
i t e r a t i o n  technique i s  used f o r  the inverse  k ine m a t ics .  C r i t e r i a  f o r  the 
kinematic parameter convergence are s t ipu la ted to enhance the use of t h i s  
method.
Avi les and A jur ia  [  22 ]  have formulated a numerical so lu t ion fo r  the 
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inverse k ine m a t ic  problems of m an ipu la to rs  w i th  redundant degrees of  
freedom based, again on the method of  Denavi t  and Hartenberg [ 7 ] .  The 
numerical solut ion is generated using a quasi Newton method fo r  functions 
der ived using a Tay lo r  se r ies  expression up to  second order .  The method 
considers the actuation c r i t e r i a  of the robot in the determination of the 
j o i n t  angles. The method can a lso  be extended to  inc lud e  t r a j e c t o r y  
generation between two points.
Pieper [  23 ]  and Duffy [  24 ]  have developed a method based on screw 
theory fo r  generating the kinematic and inverse kinematic equations fo r  a 
f i v e  degrees of freedom robot . The method is  derived from the e a r l i e r  work 
by Sugimoto and Duffy [  25 ]  fo r  a s ix  degrees of freedom robot using screw 
theory. Screw theory has been developed fo r  planar l inkage mechanisms by 
Duffy [  24 ]  fo r  closed loop spatia l mechanism. The algori thm generated fo r  
the inverse k inem at ic  s o lu t i o n  requ i res  th a t  the open loop s p a t ia l  
mechanism be closed by hypothetical j o in t s  and l inks .  These hypothetical 
l inks  and jo in t s ,  jo in  the end - e f fec to r  to  the base of the robot thereby 
forming a closed loop spatial mechanism with  m ob i l i ty  one. This f a c i l i t a t e s  
the s o lu t io n  to  the inverse k ine m a t ic  problem using e a r l i e r  a lg o r i th m s  
generated fo r  s ix  degrees of freedom manipulators. The authors discuss the 
method of locating the hypothetical l inks  and jo in t s  to  the end - e f fec to r .
A method developed fo r  spacecrafts has been appl ied by Sol et al [  26 
] fo r  the generation of robot kinematic equations. The terminology used in 
t h i s  method and the equations s t r u c tu r e  are d i f f e r e n t  t o  the methods 
discussed e a r l ie r  although the resul ts  obtained were the same. I t  employs 
the use o f  Lagrangian equations f o r  the d e r i v a t io n  o f  robot  dynamic 
equations.
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1.2. Methods for determining and elim inating robot kinematic errors.
Although the methods fo r  generating robot kinematic equations may be 
e f f i c i e n t  and accurate , the use of  these methods f o r  robot p o s i t i o n in g  
control may lead to error  because posi t ion accuracy of l inkage system is  
a lso dependent on the l i n k  f l e x i b i l i t y ,  s t r u c t u r a l  d e f l e c t i o n  ( a x i a l ,  
l a t e r a l  and t o r s io n a l  ) and j o i n t  c learance.  Of a l l  these f a c t o r s ,  j o i n t  
clearance usual ly are the prime source of l inkage posi t ion ing errors . The 
other error  contr ibutions can be el iminated by the use of very s t i f f  robot 
1 inkages. There fore ,  f o r  continuous - path robo ts ,  i t  i s  q u i t e  im p o r ta n t  
that these errors are determined and compensated .
George [ 30 ]  has suggested th a t  these e r ro rs  are s o le ly  due to  poor 
bearing select ions and operations. Consideration on how robot bearings may 
be se lected and what bearings are best s u i te d  f o r  d i f f e r e n t  robot  j o i n t s  
are discussed and an a lg o r i th m  f o r  the d e te rm ina t io n  of  robot  j o i n t  
bearings and a ta b le  f o r  a l t e r n a t i v e  bear ing s e le c t i o n  are presented. An 
a lg o r i th m  f o r  the de te rm ina t ion  of  j o i n t  c learance e r ro rs  and a l lo w a b le  
tolerance required at the jo in ts  has been developed by Vocaturo [ 31 ] .  The 
algori thm can be used fo r  the determination of j o i n t  kinematic compensation 
and fo r  the design of jo in ts  with minimum clearance.
Mooring [ 32 ] ,  and Mooring and Teng [ 33 ]  have h ig h l i g h t e d  the 
effects  of j o i n t  axis misalignment on robot pos i t ion ing accuracy. From th i s  
analysis an improved methods fo r  id e n t i fy ing  the kinematic parameters in a 
s ix  axes robot have also been presented. Both works use the d isp lacement  
matr ix method developed by Suh and Radc l i f fe  [  34 ]  in t h e i r  analysis. To 
evaluate the j o i n t  misalignments, the end - e f fec to r  is  placed in a number 
of known posit ions and the j o i n t  angles are recorded. The measured angles 
are compared w i th  t h e o r e t i c a l  r e s u l t s .  From these compar isons, the
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kinematic parameters that  define the location and or ien ta t ion  of the j o i n t  
axes are i d e n t i f i e d  a l lo w in g  o r i e n t a t i o n  and p o s i t i o n  e r ro rs  to  be 
evaluated so that  the kinematic equation algorithms can be compensated.
Wu [ 35 ] has developed an a lg o r i th m  to  determine the r e la t i o n s h ip  
between the kinematic errors and cartesian errors of a robot manipulator 
fo r  use on a CAD system. The method is  based on Denavit and Hartenberg [ 7 
]  and the algori thm solves fo r  d i f f e re n t ia l  changes between two coordinates 
frames and d i f f e r e n t i a l  changes due to  the k inem a t ic  e r r o r s .  From these 
e r ro rs  the p o s i t i o n  and o r i e n t a t i o n  e r ro rs  o f  an open loop robot  
manipulator are determined.
1.3 . Methods for the generation of the robot tra jectory.
Tsai and Soni [  36 ]  extending the works of e a r l i e r  au tho rs ,  have 
developed an algori thm which can trace the workspace of a general revolute 
j o i n t  robot.  The a lg o r i th m  is  based on the Denavit  and Hartenberg [ 7 ]  
method and fo l lows three basic steps. The f i r s t  step is  to  locate the robot 
hand on a s p e c i f ie d  plane, the second step is  the hand movement to  the 
boundaries of the workspace. The las t  step is  the movement of the hand onto 
another s p e c i f ie d  plane from one p o s i t i o n  to  i t s  ne ighbour ing  p o s i t i o n  
along the boundaries of the workspace. To achieve the robot  workspace
t ra c e ,  the robot l i n k  can be t r e a te d  as a p o in t ,  a l i n e ,  or a r i g i d  body.
The approach is  claimed to be more e f f i c i e n t  than e a r l ie r  work and can also
be extended to  include robots wi th  pr ismatic  jo in ts .
Khal i l  [  37 ]  has developed a numerical algori thm fo r  the generation 
of a t ra jec to ry  which passes through a number of set points. The algori thm 
is  an extension of e a r l i e r  work by such authors as B in fo rd  e t  al [  38 ] ,  
Luh et al [  39 ] ,  Paul et al [  40 ] ,  Luh et  al [  41 ] ,  and T a y lo r  [  42 ] .
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The main object ive of th is  work is  to  generate an algorithm of second order 
which provide a t ra jec to ry  between two given points wi th  minimum t ra v e l l i n g  
t ime and without overshooting or wandering. The algori thm generates j o i n t  
angular displacements, ve loc i t ies  and accelerat ions based on zero i n i t i a l  
and f i n a l  v e l o c i t i e s .  Al though the author c la ims th a t  the method is  
s u p e r io r  to  the e a r l i e r  work because i t  does not use s t r a i g h t  l i n e  
t ra je c to r ie s ,  from the results given, i t  is  clear that high accelerat ions 
and jerks have not been el iminated from the simulated j o i n t  motions.
Goldenberg and Lawrence [ 43 ]  have generated a th i r d  order polynomial 
equation fo r  the generation of the end - e f fec to r  t ra jec to ry .  The technique 
has character is t ics  which may lead to  i t s  implementation in a real -  t ime 
c o n t ro l  loop. Emphasis i s  a lso placed on reducing the e r ro rs  of  high 
a c c e le ra t io n s  and je rk s  appearing in  the K h a l i l  [ 3 7  1 approach. I t  a lso  
al lows the user of the robot to  check fo r  interference and c o l l i s io n  and to 
design an o p t im iz a t io n  a lg o r i th m  f o r  minimum t im e  of  t r a v e l  in  terms of  
both two and three dimensional task space coordinates.
Ramachandra and Langrana [ 27 ]  have developed an algori thm based on 
the method of Denavit and Hartenberg [  7 ]  fo r  the generation of s t ra igh t  
l ine  t ra je c to r ie s  which can be used fo r  planar motions. The computerized 
method solves the j o i n t  angles fo r  each t ra je c to ry  point.
1 .4 . Methods for generating robot dynamic equations.
There are several  methods used f o r  the generat ion of  robot  dynamic 
equations. They employ the use of basic dynamic pr inc ip les  together w i th  
the kinematic methods described e a r l i e r  in th is  Chapter to  formulate robot 
dynamic equat ions. A comparative study of these methods have been 
undertaken by many authors [ 19, 44, 45 ]  w i th  two main object ives in mind,
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namely, the ease of generating the dynamic equations and the computational 
t ime achieved fo r  the dynamic so lu t ion. A more recent work in t h is  area by 
Ardayfio [  19 ] emphasizes the merits and demerits of various methods and 
presents guidance fo r  th e i r  use.
Apart from the basic c la s s ic a l  dynamic methods, fo u r  methods are
commonly used to generate robot dynamic equations [ 19 ] .  They are
1. Lagrangian formulat ion using a homogeneous transformation.
2. Lagrangian method using ro ta t iona l  matrices.
3. Newton - Euler formulat ion.
4. Newton - Euler in l in k  coordinates.
Method 1 is  the Lagrangian equations . formulated using 4 x 4  homogeneous 
t ra n s fo rm a t io n s  w h i le  method 2 i s  the Lagrangian equat ions f o r m u la t io n  
using 3 x 3  nonhomogeneous ro tat ion matrices. Newton - Euler equations are 
der ived  from D'Alembert 's p r i n c i p l e  and can be generated w i th  each l i n k  
re fe r re d  to  the robot base coord ina tes  as in method 3 or t o  the  l i n k s '  
loca l  axes coord inates as in method 4. The Newton - Eu ler  equat ions are 
e f f i c i e n t l y  fo rm u la ted  using 3 x 3  r o t a t i o n  m a t r ices ,  a l though 4 x 4 
transformation matrices have been t r ie d .
The express ion of the t o t a l  m an ipu la to r  system k i n e t i c  energy and 
p o te n t ia l  energy in  terms of  independent j o i n t  p o s i t i o n  coo rd in a tes  
(genera l ized  coord ina tes)  makes i t  v ia b le  to  use a number o f  c l a s s i c a l  
approaches such as Lagrangian and Hamiltonian methods in the der iva t ion  of 
the dynamic equat ions. To use t h i s  method, i t  i s  necessary to  f o r m u la te  
f i r s t  the k i n e t i c  and p o te n t ia l  energy equations fu n c t io n s  f o r  the  
d e r i v a t i o n  o f  Lag rang ian  e q u a t io n s  and second to  ob ta in  f o r  each 
generalized coordinate, the der iva t ive  re la t ionship .  For simple manipulator 
systems, the method of  genera l ized coord ina tes  using the Lagrangian
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equations is  found to be stra ight forward and e f fec t ive .  As the manipulator 
increases in complexity, such as an increase in number of l inks  and degrees 
of freedom, the method becomes compl icated and requ i res  a sys tem a t ic  
computer solu t ion to  carry out the symbolic d i f fe re n t ia t io n  as shown by Leu 
[ 18 ].
The superfluous coordinates are introduced by Hemami et al [  44 ]  to  
s im p l i fy  the w r i t in g  of the k in e t ic  and potential  energy functions without 
going so f a r  as to  set each l i n k  com ple te ly  f re e .  The approach a l low s  the 
introduction of constraints and select ive choice of desirable j o i n t  torque 
and fo rce  m o n i to r in g .  This achievement i s  f a c i l i t a t e d  by the use of  
Lagrangian m u l t i  p i i e r s  i n the a n a lys is .  However, the com p lex i ty  of  the 
m an ipu la to r  requ ired  to  a t t a i n  t h i s  reduc t ion  depends in  general on the 
number of superfluous coordinates used and may or may not be j u s t i f i e d  in 
s p e c i f i c  instances.
An a l te rna t ive  to  th i s  approach is  the method of v i r tu a l  work given by 
W i l l ia m s  and Seireg [  46 ]  which presents only a d i f f e r e n t  sequence of 
steps needed f o r  the d e r i v a t io n  o f  the equat ions. The end r e s u l t s  o f  t h i s  
approach is  the same as the Lagrangian. Obviously, much is  not expected to  
be d i f fe re n t  between the two methods since Lagrangian equations are derived 
from the v i r t u a l  work p r i n c i p l e .  Hol lerbach [ 45 ]  l a t e r  de r ived  a 
recurs ive  r e la t i o n s  based on the Lagrangian derivat ion which reduces the 
computational t ime required to  solve the Lagrangian equations.
Another formulat ion is  the method of Newton - Euler given by Walker et 
al [  47 ]  and Luh et al [ 48 ] .  This method y ie ld s  a set of  re c u rs iv e  
equations which can be appl ied to the l inks  sequentia l ly and hence overcome 
some of the d i f f i c u l t i e s  associa ted w i th  the Lagrangian approach. The 
re s u l t s  however have a disadvantage in  th a t  the inp u t  fo rces  and to rques 
f o r  a l l  j o i n t s  are re ferenced to  the base coord ina tes  w h i le  in  p r a c t i c e
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they are referred to th e i r  own coordinates physica l ly . The paper by Luh et 
al [ 48 ] is  presented to correct th is  disadvantage. In th e i r  work, a l l  the 
j o i n t  torques and fo rces  are re ferenced to  t h e i r  own coo rd ina tes .  The 
process involves the successive transformation of parameters of motion from 
the base of the manipulator to  the end - e f fec to r ,  l in k  by l i n k ,  using the 
re la t ionship of moving coordinate systems. Forces are then transformed back 
from the e n d -e f fe c to r  to  the base to  ob ta in  the j o i n t  to rques .  This 
procedure therefore reduces the computational t ime.
To s i m p l i f y  the genera t ion  of  these equat ions and to  achieve f a s t  
computational t ime, computer torque and biased torque approaches have been 
undertaken with above methods. The computed torque method involve
( i )  the t e s s e la t i o n  o f  the s ta te  space along var ious dimensions and
tabulat ion of part of the so lu t ion,
( i i )  s im p l i f i c a t io n  of the dynamics by ignoring terms such as g rav i ty
and C o r io l is ,
( i i i )  forward and backward recursive expansions from l in k  to  l i n k ,  and
( iv )  robot configurat ion s im p l i f i c a t io n .
The basis of the biased torque method is  to  w r i te  the torque equation as a 
function of the generalized force vector ( P ) and the biased torque vector 
( V ) which given as f o l l o w s .
M ( q ) = P + V
The biased torque vector is  a function of the generalized coordinates and 
ve loc i t ies ,  and represents torques due to  g rav i ty ,  Cor io l is  and cen tr i fuga l  
accelerat ions, and external forces and moments.
Dynamic equations can be generated f o r  both fo rward  and backward
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s o lu t io n s  and, l i k e  k ine m a t ic  equat ions ,  fo rward  s o lu t i o n  invo lves  
derivat ion of end - e f fec tor 's  motion given the jo in t s '  forces and torques. 
The backward solut ion is  the reverse; tha t  is  the desired end - e f fec to r 's  
motion is  known and forces and torques necessary to achieve tha t  motion are 
de-termined. The backward s o lu t i o n  i s  t h e re fo re  employed.in real  -  t im e  
control simulat ion while the forward solu t ion is  required fo r  robot dynamic 
designs and designs of c o n t r o l l e r s .  There fo re ,  e f f i c i e n t  dynamic model 
formulat ions are useful fo r
a. P red ic t in g  power t ra ns m is s io n  c h a r a c t e r i s t i c s  f o r  each j o i n t
actuator and overload condi t ions.
b. S imu la t ion  of robot work cyc le  rep resen t ing  best and wors t  
operating conditions in the working volume.
c. Se lec t ion  of b e t te r  c o n t ro l  parameters and work ranges o f  the
robot.
d. Predict ing fundamental modes of v ib ra t ion .
For the forward s o lu t i o n ,  the j o i n t  a c tu a to r  to rque requirements may be 
computed using one of the fo l low ing  methods:
( i )  A tabulated solut ion which uses look - up tables.
( i i )  A s i m p l i f i e d  m a t r i x  fo rm  o f  th e  dynamic e q u a t io n s  
which f a c i l i t a t e  the use of matr ix  m u l t ip l i c a t io n .
( i i i )  Geometric or numerical method of l i n k  representat ion.
( iv) A s im p l i f i ca t ion  of the arm configurat ion by neglect ing C o r io l is
and Centr ifugal terms and correct ing the generated errors w i th  
feedback.
To achieve the computed torque s o lu t i o n  w i th  the use of  a Lagrangian 
formulat ion in conjunction with one of the above approaches authors have 
sought the use of recursive algori thms, such as recursive decomposition,
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backward and forward recursion, and forward recursion wi th  3 x 3  matrices. 
Recursive decomposition is  the generation of recurrence re la t ionships wi th  
the t ra n s fo rm a t io n  m a tr ices .  The backward r e c u r s i o n  r e q u i r e s  th e  
c a l c u la t i o n  of only the second p a r t i a l  der ivat ives of the transformation 
matrices wi th  respect to  the generalized j o i n t  coordinates making the other 
derivat ives unnecessary in the determination of the robot dynamic so lu t ion. 
Forward recursion is  the rewr i t ing  of dynamic equations in to  more e f f i c i e n t  
expressions. Forward recursion with 3 x 3  matrices is  the same as forward 
recurs ion  except th a t  3 x 3  m atr ices  are used ins tead of Homogeneous 
transformations. A computer, torque so lu t ion can also be achieved w i th  the 
use of the Newton - Euler method by rew r i t ing  both the forward and backward 
equations in to  more e f f i c i e n t  expressions.
The a lgo r i thm s  used f o r  the biased to rque s o lu t io n s  in c lu d e  the 
fo l lowing
( i )  Computed in e r t ia  matrices based on algebraic s im p l i f i c a t io n .
( i i )  A method of basic mechanisms used in conjunction wi th  
the dynamic equations.
( i i i )  The Gibbs - Appel formulat ion.
( iv ) The Lagrangian biased vector method.
The inverse robot dynamic s o lu t i o n  i s  achieved by e i t h e r  us ing 
con jugate  g rad ien t  i t e r a t i o n  or re cu rs ive  Newton - Euler techniques. The 
con jugate g rad ien t  i t e r a t i o n  is  used f o r  the eva lua t ions  of  j o i n t s '  
a c c e le ra t ion s  a f t e r  an i n i t i a l  guess. The method is  found to  be w e l l  - 
suited fo r  solving a set of l inea r  equations when the c o e f f i c ie n t  matr ix  is  
symmetric and nonsingular. The recursive Newton - Euler technique is  used 
in rew r i t ing  the angular accelerat ion and j o i n t  forces in recursive forms 
where re cu rs ive  c o e f f i c i e n t s  are given in  3 x 3 m a tr ices  and 3 element
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vectors to  keep to  m a tr ix  fo rm u la tio n .
Freeman and Tesar [  49 ] ,  and Thomas and Tesar [ 50 ]  have developed 
dynamic a lg o r i thm s  f o r  robot s im u la t io n  which are based on the dynamic 
inf luence coe f f ic ien ts .  The method reduces robot arm dynamic propert ies to  
th e i r  e f fec t ive  values at the generalized inputs. The component terms of 
the model are readi ly calculated from the dynamic inf luence coe f f ic ien ts  
which are based only on the geometry of the robot system. The method has 
been applied to a s ix  degrees of freedom robot w i th  favourable resu l ts .
Another formulat ion is the freebody method [ 4 4  ]  and is  formulated 
fo r  both soft  and hard constra ints. I t  t rea ts  each l in k  of the manipulator 
as i f  i t  were a freebody wi th  forces and moments appl ied at each j o i n t .  For 
a planar manipulator system, each l in k  has three degrees of freedom and i f  
the system is  non-p lanar ,  then each l i n k  possess s i x  degrees of  freedom. 
The posit ion of each l in k  is  determined by a knowledge of the state of each 
j o i n t ,  which may be e i t h e r  r o t a t i o n a l  ( r e v o lu te )  or  t r a n s l a t i o n a l  
(prismatic) .  These q u a l i t ies  const i tu te  the generalized coordinates of the 
manipulator system.
Using the hard c o n s t r a in t  method, the re  i s  a need to  generate the 
solut ion of the equations of motions through e i the r  numerical or symbolic 
matr ix inversion. This method becomes d i f f i c u l t  as the number of l inks  is  
increased. The method of s o f t  c o n s t r a in t  avoids the m a t r i x  in v e rs io n  
d i f f i c u l t y  by the in troduction of some degree of compliance and damping in 
the connection between manipulator l in k .  This approach there fore  gives a 
r e a l i s t i c  modeling of  the m an ipu la to r  j o i n t  which the method o f  hard 
c o n s t ra in t  ignores. The freebody method w i th  s o f t  c o n s t r a in t  th e r e f o r e  
s im p l i f ie s  the derivat ion of the equations of motion although i t  increases 
the order o f  the equations by a f a c t o r  of  th ree  in  p lanar  systems and by
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six  in non-planar systems.
A comparison of these approaches shows t h a t  the methods based on 
freebody are eas ies t  to  fo rm u la te  but the numer ical i n t e g r a t i o n  of  the 
r e s u l t i n g  equat ions is  com para t ive ly  d i f f i c u l t .  The methods based on 
c lass ical  approaches are better on numerical in tegrat ion but when the robot 
l i n k s  are more than th ree  the re  i s  a need f o r  sys tem at ic  computa tion f o r  
the fo rm u la t io n  of the dynamic equat ions.  Hemami et al [  44 ]  have 
suggested th a t  the re  is  l i t t l e  or no d i f f e re n c e  between these methods 
except f o r  the computa tional  t im e  s ince they a l l  a r r i v e  a t  the same 
resul ts .  However, the freebody method is  found to  be s ig n i f i c a n t l y  easier 
to  solve using modular computation.
1.5 . Methods for the determination and elimination of dynamic errors.
Although the methods of  fo r m u la t in g  robot dynamic equat ions may be 
easy to generate, e f f i c i e n t  and accurate, and the use of these methods fo r  
real -  t ime robot control is  not s u f f i c ie n t  to  posit ion robots accurately 
because of n o n l i n e a r i t i e s  in  robot l i n k s  and j o i n t  ac tu a to rs .  Several 
methods have been suggested to  e l im in a te  or reduce these e r r o r s .  One 
approach employs the use of compensators in the feedback control loop [  51 
]  whi le  another has sought the pract ica l  e l im inat ion  of l inks '  parameters 
t h a t  c o n t r ib u te  these e r ro rs  [  52 ] .  This invo lve s  the use of l i n k s  w i th  
t ime varying ine r t ias  to  e l im inate the l inks '  grav i ty  torque and reduce 
the n o n l i n e a r i t i e s  associa ted w i th  the l i n k s '  st ructures. Jumarie [  51 ]  
has i nves t iga ted  the feas i  b i 1i t y  o f  using t im e  vary ing  i n e r t i a  l i n k s  to  
generate robot dynamic equations as part of an optimal control s imulat ion 
wi th  favourable results.
Chung et  al [  52 ]  have designed and cons truc ted  a device which
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operates on the basic mass equi l ibr ium fo r  achieving t ime varying in e r t ia  
of robot l inks .  This device el iminates the l inks '  grav i ty  torques and also 
reduces non l inear i t ies  which are due to the l inks '  structures. To achieve 
the desired e f fec ts ,  force sensors are located on the l inks  fo r  pos i t ion ing 
con t ro l  of the mass balance so th a t  the r e s u l t i n g  e f f e c t  i s  a balanced 
robot l ink .  Dynamic performance evaluation of both balanced and unbalanced 
robots have been undertaken and the r e s u l t i n g  t r a c k in g  e r ro r s  show 
favourab le  re s u l t s  f o r  the use of such devices. An examinat ion of  t h i s  
device shows that  tors ional  non l inear i t ies  have not been el iminated, and 
the use of  such a device w i th o u t  t o r s io n a l  compensation i s  thought  to  
c o n t r i b u t e  more to '  t o r s i o n a l  n o n l i n e a r i t i e s  even though  l a t e r a l  
non l inear i t ies  have been el iminated.
Design of r i g i d  robot l i n k s  can be used to  c o r re c t  k in e m a t ic  e r ro r s  
due to the l inks '  s t ruc tura l  f l e x i b i l i t i e s .  Such designs have l im i te d  the 
opera t ing  speed and end - e f f e c t o r  p o s i t i o n in g  accuracy o f  e x i s t i n g  
i n d u s t r i a l  m a n ip u la t o r  due t o  i n c re a s e d  i n e r t i a s  and s t i f f n e s s  
c h a r a c t e r i s t i c s  of l i n k s  and a r t i c u l a t i n g  members. To e l im in a t e  these 
l im i ta t io n s ,  d i f fe re n t  designs of robot l inkages have been proposed which 
reduce the l i n k s '  i n e r t i a s  and increase t h e i r  s t r u c t u r a l  s t i f f n e s s .  One 
such approach has been to use composite materials  by Thompson and Sung [  53 
] .  To co n t ro l  such robots accu ra te ly  f o r  op t ima l  speed w i th  f u l l  
cons ide ra t ion  of  the a r t i c u l a t i n g  members f l e x i b i l i t i e s ,  k in e m a t ic  and 
dynamic equations have been formulated using the Denavit and Hartenberg [  7 
]  method and a Lagrangian fo r m u la t io n  w i th  f i n i t e  elements [ 5 4 - 5 7  ] .  
Another method is  the use of Newton - Euler equations with Kane's method [ 
58 ].  In these approaches, the kinematic and dynamic solut ion fo r  a r i g id  
robot are f i r s t  generated and then the s t a t i c  and dynamic d e f l e c t i o n s  of  
the robot l i n k s  are added using a f i n i t e  element method f o r  t h e i r  
evaluation.
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A c t ive  con t ro l  of robot s t r u c t u r a l  bending d e f le c t io n s  has been 
u nde r taken  by Za lucky  and Hard t  [  59 ] .  To a l l o w  f o r  s t r u c t u r a l  
de flect ions, a compensator which comprises of a laser posit ion sensor, an 
h y d ra u l ic  ac tua to r  and an inn e r  robot l i n k  has been developed. The 
compensator is  configured such tha t  signals from the laser sensor controls 
the posit ion of the inner l in k  via the hydraul ic actuator. In order not to  
in te r fe re  with the robot co n t ro l le r ,  a separate c o n t ro l le r  is  designed and 
c o n s t r u c t e d  f o r  th e  com pensa to rs .  The c o n t r o l  a l g o r i t h m  f o r  th e  
compensators is  of the second order .  To use these devices f o r  robot 
s t r u c t u r a l  c o n t r o l ,  a p a i r  of orthogonal bending def lec t ion compensators 
and separate c o n t r o l l e r s  would be requ i red  . The e f f e c t s  of apparent 
bending errors caused by tors ion in the beam must s t i l l  be addressed. Also, 
t h i s  method assumes th a t  robot p o s i t i o n  e r ro rs  are s o le ly  due to  robot  
s truc tura l  deflect ion neglect ing errors induce at the jo in t s .
1 .6 . Robot simulation programs.
Turic and Wil l iams [  20 ]  have presented s imulat ion programs which can 
be adapted f o r  robot use. Such programs inc lude  an In teg ra te d  Mechanism 
Program ( IMP ), Dynamic Response of A r t i c u l a t e d  Machinery ( DRAM ), and 
Automatic Dynamic Analysis of Mechanical Systems ( ADAMS ). IMP has been 
developed by Seth and U icker  [  60 ]  f o r  s t a t i c ,  k in e m a t ic ,  and dynamic 
analysis of closed - loop spatial  mechanisms. DRAM has been developed by 
Chace et al [  61 -  62 ].  ADAMS has been developed by Orlandea et al [  63 ]  
and is  capable o f  s im u la t in g  th ree  dimensional  closed - loop mechanical 
systems. Orlandea and Berenyi [  64 ]  have extended the analysis capab i l i t y  
of ADAMS to include open - loop mechanisms.
A simulat ion program cal led a General Robot Arm Simulat ion Program ( 
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GRASP ) has been developed by Derby [ 65 ] .  The program a l lo w s  users to  
design new robots and modify and evaluate ex is t ing robots in t h e i r  working 
environments. The program does not al low fo r  obstacle avoidance or optimal 
path search so th a t  the user has to  guide the robot around obs tac les  by 
e n te r in g  appropr ia te  l o c a t io n s .  The user de f ines  the des i red  speed and 
program produces the t ime required. I f  there is  no actuator in fo rmation, 
the program uses d e fa u l t  v e l o c i t i e s  and a c c e le ra t io ns  to  help determine 
what s ize  ac tua to rs  would be needed. There are two basic types o f  mot ion 
spec i f ica t ion  avai lable to  the user to  program the indus t r ia l  robots. One 
is  the generation of a s t ra igh t  l in e  path between two points and the second 
invo lves  the displacements of the j o i n t s  from i n i t i a l  to  f i n a l  angular  
displacements without consideration of the resu l t ing t ra je c to ry .  The second 
motion al lows the p o s s ib i l i t y  of running one of the jo in t s  at i t s  maximum 
speed. To avoid harmful a c c e le ra t io n  and j e r k s ,  GRASP uses a cam motion 
p r o f i l e  fo r  j o i n t  motions. To use the program, Derby has presented a set of 
rules fo r  i t s  implementation.
Stepanenko and Sankar [  66 ]  have formulated an approach which can be 
implemented on a system c a l le d  S imula ted Robot ( SIR ). The system is  
executed on a VAX - 11/780 minicomputer wi th  NORPAK and CALCOMP computer 
graphics. The approach is based on process control pr inc ip les  and provides 
f a c i l i t i e s  fo r  an on - l ine  control of the simulated dynamic process. Some 
of  the major fea tu res  of the program inc lud e  a r b i t r a r y  changes in  the 
s im u la t io n  t im e  sca le ,  a l t e r a t i o n s  to  the model dur ing s im u la t i o n  and 
temporary in te rrupt ion  of the process fo r  tes t ing  a l te rna t ive  so lu t ions.  A 
SIR user has at h is  d isposal  the f a c i l i t i e s  f o r  a th ree  d imens iona l  
representation of the simulated manipulator and vector var iables re la t ing  
to  the end - e f fec tor  motion and the load.
Moult  [  28 ]  has developed a computer program which p e rm i ts  the  
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graphical simulat ion of robot posi t ion and movement. The in te ra c t iv e  nature 
of the program al lows d i f fe re n t  robot designs to  be compared and enables 
the user to  op t im ize both the choice of robot and w o rks ta t io n  la y o u ts .  A 
numerical a lg o r i th m  based on the Powell  method [  67 ]  i s  used f o r  the 
backward s o l u t i o n .  An o p t im iz a t io n  a lg o r i th m  f o r  robot movement i s  a ls o  
developed based on the " T r a v e l l i n g  Salesman" problem. The use o f  t h i s  
a lg o r i th m  a l lo w s  p r i o r i t i e s  to  be s p e c i f ie d  f o r  c e r t a in  tasks and the 
minimum cost are determined fo r  these p r io r i t i e s .  The algori thms generated 
have been va l ida ted fo r  a f i v e  degrees of freedom manipulator and have been 
appl ied to  a nine degrees of freedom manipulator. P a r t i c u la r l y  useful is  
the graphical representation of the "T rave l l ing  Salesman" which permits the 
user to  perform task p la nn in g  and thereby ensure t h a t  c o l l i s i o n  and 
interference are avoided.
de Penington et  a l  [  29 ]  have developed an o f f  - l i n e  robot  
simulat ion program which a l lows the performance of a number of robots to  be 
assessed. The simulat ion is  made using a mathematical model which solves 
the p o s i t i o n  problem f o r  both p o la r  and r e v o lu te  robots  and a geometr ic  
modell ing system ( NONAME ) based on Construct ive Sol id  Geometry. Although 
th is  program is  based on CAD/CAM p r inc ip les  which is  quite d i f f e re n t  from 
SIR and GRASP, the program of fe rs  some a t t r ibu tes  which the other programs 
cannot achieve. Such a t t r ibu tes  inc lude interference checking and c o l l i s i o n  
avoidance, a better  visual simulat ion of robot task performance, generation 
of a complex robot t ra je c to ry  fo r  such work as welding, and the c a p a b i l i t y  
of comprehending shape, p o s i t i o n ,  and s p a t ia l  r e la t i o n s h ip s  which is  
fundamental fo r  high - le ve l  o f f  - l i n e  robot programming languages.
Another CAD/CAM robot s im u la t io n  program has been developed by 
Heginbotham et al [  68 ] .  The program uses s imple convex po lyhedra  which 
may be combined to  form a r b i t r a r y  complex s o l i d s  as the model. The
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difference between th is  program and NONAME is mainly the three dimensional 
rep resen ta t ions  of the robot and the w o rk s ta t io n s .  An example o f  a 
c lu t te red environment given by the authors o ffers  no easy understanding to 
what task performance the robot is  undertaking. The geometric modeller used 
in th is  program is cal led SAMMIE.
A robot s im u la t io n  program which has been developed on an analogue 
computer i s  presented by Backhouse and Rees Jones [ 69 ] .  An analogue 
computer simulat ion of an hydraul ic robot is  developed wi th  emphasize on 
how to  ob ta in  i t  op t ima l  c o n t r o l .  The program o f f e r s  a d i r e c t  design of 
such robot c o n t r o l l e r  w i th  the co n t ro l  parameters of  such c o n t r o l l e r  
obtained d i re c t l y  from the analogue simulat ion program.
1.7 . Validation of simulation programs.
To ass is t  with  the va l ida t ion  of robot simulat ion programs, Paul [  70 
]  has presented an approach fo r  the determination of robot l in k s '  i n e r t i a  
to  w i th in  10 % of t h e i r  actual values and grav i ty  torques to w i th in  1 %. An 
algori thm is  developed from the o r ig ina l  work by Bejczy [  71 - 72 ]  fo r  the 
eva lua t io n  of  i n e r t i a s  and g r a v i t y  to rques.  The a lg o r i th m  can a lso  be 
adopted f o r  o ther  robot dynamic equat ions. To achieve the des i red  
object ives, the robot is  driven at constant torque fo r  a d i f fe re n t  number 
of  robot c o n f ig u ra t io n s .  The j o i n t  angular  a c c e le ra t io n s  are measured 
during these motions and the resu l t ing  set of torque equ i l ib r ium equations 
a l low  the eva lua t io n  of the l i n k s '  masses and r a d i i  o f  g y r a t io n .  F u r th e r  
ca lcu la t ion of the l inks '  re la t ive  mass, f i r s t  moment of mass and ra d i i  of 
gyrat ion can also be made.
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1 .8 . Outline of this research project.
At the onset of t h i s  research p r o je c t ,  most work on robot was 
concerned wi th  the control of robots. L i t t l e  work was done on the dynamic 
simulat ion of robots which allowed fo r  the in te rac t ion  of design changes on 
the robot performance. With in c reas ing  com p lex i ty  in robot design and 
working environments, i t  was evident tha t  such a program would be a useful 
tool to both robot manufacturers and end - users. In order to  provide the 
necessary f l e x i b i l i t y ,  i t  was esse n t ia l  t h a t  the s im u la t io n  package was 
modular in form thereby al lowing rapid change to any part of the program.
The mathematical approach to solving the steady - state and dynamic 
equat ions invo lved  in  the s im u la t io n  i s  c ru c ia l  to  the successfu l  
implementation of a modular approach. Five mathematical methods which have 
been descr i  bed in Sect ion 1.5 have been considered f o r  t h i s  research and 
the freebody method selected as being the best appropriate.
The object ives of th is  research work are as fo l lows:
1. To develop a software operating environment fo r  the robot simulat ion
package.
2. To develop modules f o r  the package represen t ing  the robot  s t r u c t u r e ,
power drives, end -  e f fec to r  and the load.
3. To predict robot steady - state charac te r is t ics  and dynamic performance 
when under simulat ion.
4. To val idate the program where possible by experimentation on in d u s t r ia l  
robots and components.
To achieve these object ives, a method based on freebody analysis has 
been used fo r  the der ivat ion of robot kinematic and dynamic equations. The 
inhe ren t  problems associated w i th  the method of  freebody have been
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eliminated using a modular computation approach; th is  method in presented 
in more deta i l  in Chapter 2.
Fo l lo w ing  the theme of robot s i m p l i f i c a t i o n ,  a robot has been sub­
d iv ided  i n t o  fou r  basic  subsystems complying w i th  i n t e r n a t i o n a l  robot 
standard [ 73 ] ,  namely, m an ipu la to r ,  power d r i v e ,  end - e f f e c t o r  and 
control system. Therefore, in Chapter 3, equations have been generated fo r  
the robot s t ru c tu re s  under d i f f e r e n t  robot arm and j o i n t  configurat ions. 
Robot drives and drive components equations are also presented in Chapter
4.
In Chapter 5, a modular so f twa re  environment has been developed f o r  
the simulat ion package with modules developed to represent the robot LINK, 
JOINT and DRIVE respectively.
To give examples of the simulat ion program and the freebody method, in 
Chapter 6, kinematic and dynamic equations of an Asea IRb6 robot have been 
presented. V a l id a t io n  work i s  descr ibed also f o r  t h i s  robot  which i s  
representat ive of a three l i n k  manipulator and is  presented in Chapter 7.
In order to  val idate the simulat ion package fu r the r ,  experiments were 
c a r r ie d  out on a s in g le  l i n k  b e l t  d r iven  m an ipu la to r .  The exper iments  
included evaluation of the be l t  s t i f fn e s s ,  damping coe f f ic ien ts  and natural 
frequency and the moment of i n e r t i a  and centre  of mass of robo t  l in k a g e .  
These values were used to va l idate the simulat ion program fo r  a s ing le  l i n k  
manipulator. A f u l l  descript ion and resul ts  of these tests are presented in 
Chapter 8.
A general conclusion of th is  research work is  presented in Chapter 9.
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CHAPTER TWO. 
GENERAL THEORY.
A. E. Somoye December 1985.
2. GENERAL THEORY.
2.1. Int roduction.
The work given in th is  thesis demanded the use of a simple method fo r  
generating the kinematic and dynamic equations of a robot system. A f te r  a 
search of e x i s t i n g  l i t e r a t u r e  on d i f f e r e n t  methods of genera t ing  robot  
dynamic equations, the freebody method was chosen. The method used fo r  the 
freebody analysis was o r ig in a l l y  developed by Crouch [ 2 ]  fo r  planar and 
non p lanar k inemat ics  and dynamics using m a t r i x  equat ions.  Crouch's 
approach is  presented in  t h i s  Chapter w i th  m o d i f i c a t io n  f o r  robot  
s t ruc tura l  c o n f ig u ra t io n s .
Each l in k  of the robot is  treated as a freebody wi th  forces and moment 
app l ied  to  the 1ink .  Each 1 ink is  de f ined in  a 1ocal ca r te s ia n  coo rd ina te  
system. The or ig in  of such a system coincides with  the axis of ro ta t ion  and 
i t  is  f ixed to  the l in k .  A global coordinate system remote from the l i n k  is  
the reference frame. Figure 2.1 shows a diagrammatic representat ion of t h i s  
method.
2.2 . General kinematic equations.
Consider an N l i n k  s e r ia l  robot shown in  F igure  2.1 where N = l ,2 ,3 , . . .  
Assume th a t  at each j o i n t ,  the robot has th ree  r o t a t i o n a l  and th re e  
t rans la t iona l  degrees of freedom.
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2.2.1. Angular displacement, linear position and orientation vectors.
A t y p i c a l  l i n k  ( i )  de f ined in  a lo ca l  ca r tes ian  coo rd ina te  system 
o. , x i , y . ,z. i s  shown in  F igure 2.2. The o r ig i n  of t h i s  system co inc ides  
w i th  the ax is  of  r o t a t i o n .  Let l i n k  ( i )  undergoes a d isp lacement from an 
i n i t i a l  posit ion to a f in a l  pos i t ion.  The angular displacement of frame ( i )  
is  given as
{ 0 T 
i i / i
0
X i
0
y i
0
z i i / i
( 2.1 )
{ 9 i  ^ i / i  angular displacement of frame ( i )  measured in frame ( i )
and re ferenced to  frame ( i ) .  S u f f i c e  i / i  means measured in  frame ( i )  and 
referenced to frame ( i ) .
The posit ion vector of the axis system o.. ^,x^ ^,y^ ^,z.  ^ about axis 
system o. ,x. ,y . ,z ^5 neglecting l i n k  ( i ) 's  s t ructura l  de f lec t ion is  given as
* R i - l , i  * i / i   ^ ^ i -1   ^ i * ^ o i - l , i  * i / i
( 2.2 )
Equation 2.2 is  the transformat ion of the i n i t i a l  displacement between the
two axis systems from i n i t i a l  pos i t ion { R ^   ^  ^ } to  f in a l  pos i t ion  { R
. j  . } by the angular and t r a n s l a t i o n a l  d isp lacements . The- i n i t i a l
d isp lacement term inc ludes  d isp lacements due to  ra d ia l  mot ions.  The
transformation matr ix [  L . - ]  . is  a d i rec t ion  cosine matr ix  formulatedi - l  i
from the angular displacement vector and is  a mult ip le  matr ix  of the given 
order of ro tat ion at frame ( i ) .
Where
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[  L ]  = [  L (0x, 0 y , 0z) ]
= C L 0 x ] [ L 0 y ] [ L  ez ]
( 2.3 )
Figure 2.3 shows the i n i t i a l  and f in a l  posit ions of axis system ° - j_px-j_ 
19y. , , z .  « about ax is  system o . , x . , y . , z . .  I t  can be seen t h a t  ax is1 I -1 i - l  J i 9 l , J i 9 i
system o.. ^ ,x.. ^,y^ ^,z..  ^ is given a l inea r  displacement { R } -j/-j anc*
an or ienta t ion of ( ft -j i  } - j / i*  o r ien ta t ion  of axis system
- , y .  - , z .  . about ax is  system o . , x . , y . , z .  i s  ca lc u la te d  as f o l l o w s .  Thel ,jri _ l »  -|_i J -| -|, J i 5 i
transformation matr ix [  L  ^ ^  ]  .. is  equated to  a chosen equivalent matr ix  
[ L y i B . a .  ^ ]  . and the elements o f  each m a t r ix  are equated to  
f i n d  the angular d isp lacement of ax is  system o. ^ ,x .  ^,y^ a^ ou’t
axis system o^,x^,y^,z^ as shown below.
[ L  i - i  ] i [ L i - 2  ] i - x
C L i _ 2 ] i = C L  Y i _ i >  6 i - 1  ’ a  i - l  1 i
1,1 1,2 1,3
2,1
3,1
2, 2
3,2
2.3
3.3
C Y C  ^ c Y. s a S s + c a  S Y s Y s a -  s H  a  C Y
-S  Y c ^ c Y c a -  S a  S s s Y s M  Y c a +  C  Y  S a
SB - S a C B C a C B
( 2.4 )
Where C y = Cos y 1-i and S y Sin y
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and e is an element of transformation matrix [  L . 0 ]  .n-2 i
Therefore
i - l
-Tan -1 / e 3,2
3,3
. -1
i - l
Sin (® 3 , l )
( 2.5 )
( 2.6 )
Y i - l -Tan
- 1 /  2,1
1,1
( 2.7 )
The or ienta t ion vector of axis system o. - ,x .  - ,y .  i s z. . about axis
J  i - l  i - l  • ' i - l  i - l
system o.,x.,y..,z... i s 'g iven  .as
r  " ia
i - l
( Q . . > . =1-1 l / l i - l  /
T i - i
Vw - j i / i
( 2.8 )
The angular displacement of frame ( i - l )  is  given as
r  ^
{ 0 • 1 } • i /• ii - l  i - l / i - l
0x i - l
0Y 1-1 >
z i - l  
v. . j i - l / i - l
( 2.9 )
The t ra n s fo rm a t io n  m a t r ix  [  L . ^ 1 i i s used in  the c a l c u la t i o n  to  take
in to  consideration any angular displacement of frame ( i - l ) .
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Let l in k  (i+1) undergoes a displacement from i n i t i a l  pos i t ion to  f i n a l  
posi t ion. The angular displacement of frame (i+1) is  given as
{ 0 i+1 } i+ l / i+ 1
9x i+1 
< ey i+1 
0z i+1L. i+ l / i+ 1
( 2.10 )
Neglec t ing  l i n k s 1 s t r u c tu r a l  d e f l e c t i o n s .  The p o s i t io n  vec to r  o f  ax is  
system about axis sy stem ° i + 1  »xi + 1  ^ i + 1 »zi 1 is  given as
{ R i - l , i + 1  } i+ l / i+ 1  =  ^ L i  -1 i+1 { 1 Ro i , i + l  } i+ l / i + 1
+ C L i - l  1 i  < Ro i - l , i  > i / i  >
( 2.11 )
 ^ *" i  ^ i+1 * ' * R o i , i + l  1 i+ l / i + 1
+ < R 1-1,1 >-1/1 >
( 2.12 )
Equation 2.12 is  the vectoria l  sum of the posit ion vector of axis system 
oi>xi ,yi ,zi about axis system ° j +i»xj +]_»y^+i»z^+i  and tbe pos i t ion  vector 
of axis system o^  ^,x^ about system o. ,x. , y . , z . . ' ;
The o r ie n t a t i o n  vec to r  of ax is  system °-j >x-j _x »y-j _x >z-j _ i  about a x is  
system o^  ’ xi+ l * y i+ l * zi+ l  obbai necl as fo l lows.
C L i -2  Y i  t  L i  ]  i+1
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*- L i - 2  •* i+1 = *• L y i - l ’ 6 i - l ’ “ i - l  ■* i+1
( 2.13 )
Equating the elements of the matrices gives the o r ien ta t ion  vector as
{ a i - 2  } i+ l / i+ 1
i+ l / i+ 1
( 2.14 )
The angular displacement of axis system Op,Xp,yp,Zp is  given as
r
9x p
{ © n >p 1 p/p \  ®y p /  ^
7Z p
p / p
>
p / p
( 2.15 )
I t  i s  assumed th a t  the  to o l  P shown in  F igure 2.1 does not change i t s '  
o r ien ta t ion .
The p o s i t io n  vec to r  of  the to o l  P ax is  system about ax is  system 
oi ,x . ,y i ,zi is given as
< R Psi > i / i  = c L i - i ]  i { { R  b i - i . 1 } i / i  
+ { R p , i - l  > i - l / i - l  >
( 2.16 )
Equation 2.16 is  the v e c to r i a l  sum of a l l  p o s i t i o n  vec to rs  between 
successive axis systems that  comprise the segment between the two given 
axis systems.
The o r ie n t a t i o n  vec to r  of ax is  system Op,Xp,yp,Zp about ax is  system
A. E. Somoye December 1985.
o . ,x . ,y . ,z .  is  obtained as p re v io u s ly  sta ted  and is  given as
2.17 )
r
2.18 )
Equations 2.1, 2.2 and 2.8 c o n s t i t u t e  the genera l ized  angu la r
displacement, l inear  pos i t ion,  and o r ien ta t ion  vectors respectively of two 
successive ax is  systems. Whi le equat ions 2.15, 2.16 and 2.18 are the 
generalized angular displacement, l inea r  posi t ion and or ien ta t ion  vectors 
respectively of tool P axis system about a given axis system o. ,x. , y . ,z... 
Using these algori thms a computer p o s i t i o n  vec to r  module can be generated.
2 .2 .2 .  Angular, l inea r  and o r ien ta t ion  ve loc i ty  vectors.
The angular v e lo c i t y  vec to r  of frame ( i )  i s  obtained from ra te  o f  
change of angular displacement vector given in equation 2.1 and is  given as
is  obtained from the ra te  of change of  p o s i t i o n  vec to r  given in  equat ion  
2.2 and i  s gi ven as
r
* u i * i / i  \ i /
( 2.19 )
The ve loc i ty  vector of frame o . . ,x. i ,y • t , z . , i - l *  i - l  7 i -1 i - l about frame o . , x . , y . , z .
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* R i - l , i  * i / i   ^ u i  ^ i / i   ^ L i - l   ^ i  ^ R o i - l , i  * i / i
+ [ L i - l  ] i { R o i - l , i  } i / i
( 2.20 )
{ R i - l , i  } i / i  C « i ]  i / i  . { R i _ i #i } i / i
+ [ L i - l  ] i { R o i - l , i  } i / i
( 2.21 )
Figure 2.4 shows a schematic sketch of l inea r  ve loc i ty  vector between the 
two ax is  systems. Equation 2.21 i s  the v e c t o r i a l  sum of l i n e a r  v e l o c i t y  
due to  angular v e l o c i t i e s  of ax is  system o. ,x . . , y . , z .  and the l i n e a r  
ve loc i ty  due to  radial ve loc i t ies  between the two axis systems.
Where
[  Li j  ]  i  / i
0
S: i 
‘ S' i
S: i
Sc i
Sc i
0
i / i
( 2.22 )
which is  a conversion from column m a t r i x  to  a 3 x 3 m a t r i x  as shown in  
Figure 2.4.
The rate of change of or ien ta t ion  vector or the or ienta t ion ve lo c i ty  vector
of ax is  system o. - , x .  - , y .  - , z .  . about ax is  system o . , x . , y . , z .  i si - l  i - l  J i - 1  i - l  i i i i
obtained from the rate of change of the transformat ion matr ix  between the 
two axis systems.
Given the transformation matrix
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*- L i -1 -* i *- L i - 2  i - 1  s   ^ L Y i - 1 *  B i - 1 *  “ i - 1   ^ i
the d i f fe re n t ia t io n  gives
( 2.23 )
[  [  u i  ]  i / i  + [  u ._1 ]  i _1 / i _1 ]  [  L i _1 ] i  [  L , _ 2 ]  ^
 ^  ^ Y i -1   ^ i / i  +  ^ 8 i - 1   ^ i / i
+  ^ a i  -1  ^ i /  i  ^  ^ Y i  -1 ’ 8 i  -1 ’ a i - l  ^ i / i
( 2.24 )
Since the transformation matrices are equivalent, the or ien ta t ion  ve loc i ty  
vector is  equal to  the angular ve loc i t ies  of axis systems o.,x^,y^,z^ and
° i - l ’ x i - l ’ y i - l ’ zi - l *
{ ft . , . = { y . - } . . .  +1-1 * 1 1-1 l / l  1-1 - 1 /1
+ { a  . - } . , .1-1 l / l
1 1/1 1-1 1- l / l -1
( 2.25 )
Equation 2.25 i s  a v e c to r i a l  sum of frame ( i )  and frame ( i - 1 )  angu la r  
v e lo c i t y  vectors.
/
The angular ve loc i ty  vector of frame ( i -1 )  is  obtained from rate of change 
of angular displacement vector given in equation 2.9 and is given as
i - l  i - l / i - l
r
wx _i. i >—* 
j
w
y i - 1
(0
Z i - 1
L j i - 1 / i -1
( 2.26 )
A. E. Somoye December 1985.
The angular ve loc i ty  vector of frame (i+1) is  derived in the same way and 
is  given as
r
{ u i+l } i+l/i+1
(0x i+ l
y i+ i
z i+ l i + l / i+ 1
( 2.27 )
The v e l o c i t y  v e c t o r  o f  a x is  o.. i > x -j 1 * ^ 1  i , z i l  a b o u t  a x ^ s 
° i  +1 *x i +1 + l ,z i +-1 der ived ^ rom the ra te  ° f  change of  the p o s i t i o n  
vector of equation 2.11 and is  given as
1 R i-1,i+l 1 i+l/i+1 *- u i+l ] i+l/i+1 { R i-1,i+l 1 i+l/i+1
+ ^ ^ i ^ i+l * * o i ,i +1 * i + l / i + 1
+ { R 1-1,1 } i / i  }
( 2.28 )
Equation 2.28 is  the v e c to r ia l  sum of  l i n e a r  v e l o c i t y  due to  angu la r  and 
radial ve loc i t ies  of axis system +1  +1  »zi + 1  anc* ^lnear ve loc i ty
of axis system o.. ^,x.. ^,y.  ^ about axis system o. ,x. , y . ,z...
The o r ie n t a t i o n  v e lo c i t y  of  ax is  system °.j_;L>x.j i , y - j - i , z i - i  a^out axi s 
system °^ j »x-^ +1  i + l ,zi +l obtained as previously stated and is  given as
{ a i-1 1 i+l/i+1 ~ ^ *- u i-1 ] i/i + ^ u i-1 ■* i/i
+ [ u i - 1 ] i,i ] [ L i-l> p i - i ’ “ i-l J i+l
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{ u } { U } { U }
i+ l  i+ l / i+ 1 i i / i i -1  i - l / i - 1
( 2.29 )
The angular ve loc i ty  vector of tool P axis system is nul l  since there 
is no angular displacement.
r
ux P
r-o
{ (J }p p/p = < Oy P > “ o ,
OJ
Z P> P/P
0
V. J p/p
( 2.30 )
The ve loc i ty  vector of tool P axis system about axis system o^,x^,y. ,z. 
i s  obta ined from the ra te  of change of  the p o s i t i o n  vec to r  given in  
equation 2.16 is given as
* R p,i * i / i   ^ u i  ^ i / i  * R p,i  * i / i
+  ^ ^ i -1  ^ i * * R o i - l , i  * i / i
+ { R i 1 • i / * i >p , i - l i - l / i - l
( 2.31 )
Equation 2.31 i s  the v e c to r ia l  sum of l i n e a r  v e lo c i t y  due to  angu la r  and
ra d ia l  v e l o c i t i e s  of ax is  system o..,x. ,y . ,z . and the l i n e a r  v e l o c i t y  o f
the too l P about axis system o. , ,x .  19y. , ,z .  -.
J i - l  i - l  J i -1  i - l
The o r ie n t a t i o n  v e l o c i t y  vec to r  of  ax is  system Op,Xp,yp,Zp about ax is  
system o^,x^,y.,z^ is  given as
{ f t  } • / •  = { ( » ) . } . / •  *  { tj • 1 1 • i / * i *p i / i  i i / i  i - l  i - l / i -1
A. E. Somoye December 1985.
+ { w 2 } 2/2 + { « 1 } i A
( 2.32 )
Equation 2.31 shows that  the or ienta t ion v e lo c i t y  vector of a given axis 
system about a reference axis system is  the vec to r ia l  sum of the angular 
ve lo c i ty  vectors of each axis system that  comprise the segment between the 
two g iven ax is  systems. The same a lso  ho lds  t ru e  f o r  the o r i e n t a t i o n  
a c c e le ra t io n  ve c to r  which i s  obta ined from ra te  of  change of  the 
or ienta t ion v e lo c i t y  vector.
Equations 2.19, 2.21 and 2.25 are the general ized angular, l i n e a r  and
or ienta t ion v e lo c i t y  vectors respect ive ly  of two successive axis systems
0 . , ,x. - , y .  , , z .  , and 0 . ,x . ,y . ,z ..  Equati  ons 2.30, 2.31 and 2.32 are the 
i-l* i-l i^-l i-l i l i l M
general ized angular, l in e a r  and or ien ta t ion  v e lo c i t y  vectors respec t ive ly  
of  t o o l  P ax is  system about a g iven ax is  system o . , x . , y . , z . .  A computer 
v e lo c i t y  vector module can be generate using these algorithms.
2.2.3. Angular, l inea r  and or ien ta t ion  accelerat ion vectors.
The angular accelerat ion vector of frame ^  is  obtained from the rate 
of change of angular ve lo c i t y  vector given in equation 2.19 and is  given as
{ “ i } i / i
“x i1 •
-0), iy
i i / i
( 2.33 )
The a c c e l e r a t i o n  v e c t o r  o f  a x is  0 . , , x .  , y . , , z . , about  a x i si - l  i -1 J i -1 i - l
o . , x . ,y . ,z .  is  obtained from t  i *  i ,JV  i
equation 2.20 and is  given as
^ ^ ^ ^ he rate of change of v e lo c i t y  vector given in
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{ R i - l , i  1 i / i  '  C u i - * i / i  { R  1-1, i } i / i
+ i -1   ^ i * R o i - l , i  1 i / i
+ [  u . ]  i / i  { { R i _1) i  } i / i
+ C L i - l  ] i  t R  oi-1,1 } i / i  }
( 2.34 )
The vec to r  i s  a v e c to r i a l  sum of  c o r i o l i s ,  ta n g e n t ia l  c e n t r i p e t a l  and
l inea r  acceleration components of the two axis systems. Figure 2.5 shows a
schematic diagram of the accelerat ion vector of the axis system o^_^,x^_
, , y .  - , z .  , about axis o . , x . , y . , z . .
1 i—l i-l i l i i
The or ien ta t ion  acceleration vector of the axis system o^  ^,x.._i ,yi - l ’ zi - l  
about the ax is  o.. ,x. ,y.. , z . i s  obta ined from the ra te  of change o f  the 
or ienta t ion  ve loc i ty  vector given in equation 2.25 and is  given as
{ “ i - l  } i / i  { u i  } i / i  + { u i - l  1 i - 1 / i -1
( 2.35 )
The angular accelerat ion vector of frame ( i -1 )  is  obtained from the rate of 
change of angular v e lo c i t y  vec to r  which is  given in  equat ion 2.26 and i s  
given as
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r •
ux i -1
u i - 1  } i - 1 / i -1 uy
•
i -1
uz i -1
V. > i - 1 / i -1
( 2.36 )
The angular accelerat ion vector of frame ( i+ l )  is  obtained from the rate of 
change of angular ve loc i ty  vector given in equation 2.27 is  given as
* u i + l  * i+ l / i+1 = <
r
•
—N
• 
£
X i + l
uy
•
i + l  ^
uz i+ lV- J
the axi s
i+ l / i + 1
( 2.37 )
i - 1 *  i - l ^ i - l *  i - 1
°-j+l>x-j+l>y-j+l>z-j+l  is  also obtained from the ve loc i ty  vector of equation
2.28 and i s gi ven as
{ R i-l,i+l } i+l/i+1 [ u i+l •* i+l/i+1 { R i-1,i+l 1 i+l/i+1
+ *- u i+l -1 i+l/i+1 { { R i-1,i+l } i+l/i+1
+  ^^  i  ^i+l *  ^R oi,i+l  ^i+l/i+1 + * R i —l,i * i/i * '
+  ^ *" i  ^ i + l  * * R o i , i + l  * i + l / i + 1  + * R i-1,1  ^ i / i
/
( 2.38 )
Equation 2.38 is  the v e c to r i a l  sum of the a c c e le ra t io n  vec to r  of  ax is  
system o ^ x - . y - . z .  about the ax is  system o. +1 ,x i  +1 ,y. +1 , z i +1 and the
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accelerat ion vector of the axis system o.. i»x-j_i>y-j about the axis
system o . j X . ^ z . .
The or ienta t ion acceleration vector of the axis °- j_ i ’ xi_ i>y-j_ i ’ z-j_i about 
the ax is  °- j+ i»x i + i ’y- i+ i»z-j+i obta ined from the ra te  of change of 
or ienta t ion ve loc i ty  vector given in equation 2.29 and is  given as
* i -1  * i+ l / i+ 1  * u i + l  * i + l / i + 1  + * u i * i / i
+ * w i -1  * i - 1 / i  —1
( 2.39 )
The angular acceleration vector of tool P axis system is nul l  since there 
is  no motion at th is  axis system.
r . *\
( u p > p / p ■ <
ux p
•
y p
•
wz p
r  ^
0
0
0
p/p p/p
( 2.40 )
The a c c e le ra t io n  vec to r  of t o o l  P the ax is  system about ax is  system 
o ^ ,x . , y ^ , z .  i s  obtained from the ra te  of change of  the v e l o c i t y  v e c to r  
given in equation 2.31 and is  given as
* ^ p,i  * i / i   ^ u i  ^ i / i  * R p, i  * i / i
+  ^ ^ i -1   ^ i * * ^ o i , i  * i / i  + * ^ p, i -1 * i - 1 / i  —1 * *
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The or ienta t ion accelerat ion vector of tool P axis system about the axis 
system o. ,x^ ,y . ,z .  is  obtained from the rate of change of the o r ien ta t ion  
velocity  vector given in equation 2.32 and is  given as
{ & „ } • / .  -  + { t o . } . , .  +p l / l  1 + 1  l + l / l + l  1 l / l
( 2.42 )
Equation 2.42 is  the v e c t o r i a l  sum of the a c c e le ra t io n  vec to rs  between 
successive axis systems that  comprise the segment between the two given 
axis systems.
Equation 2.33, 2.34 and 2.35 are the general i zed angu la r ,  l i n e a r  and 
orienta t ion acceleration vectors respective ly between two successive axis 
systems o.. ^,x^ ^ ,y .  ^ ,z .   ^ and o. ,x . , y . ,z... Equations 2.40, 2.41 and 2.42 
are the generalized angular, l i n e a r  and o r i e n t a t i o n  a c c e le ra t io n  vec to rs  
re s p e c t iv e ly  of the to o l  P ax is  system about any given ax is  system 
o^,x^,y^,z^. A computer a c c e le ra t io n  vec to r  module can be generated using 
these algori thms.
The posi t ion ve loc i ty  and accelerat ion vector modules discussed above 
consti tu te  a computer k in e m a t ic  module fo r  a robot system.
Most indus tr ia l  robots do not have more than one degree of freedom at 
each j o i n t  due to  the mechanical c o n s t r a in t  in  t h e i r  manufacture. Hence, 
some of the terms generated in  the genera l ized  k inem at ic  equat ions  are 
e i ther  nul l  or unity when the algorithms are w r i t te n  fo r  a robot system. To
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demonstrate th is ,  the kinematics of an indus t r ia l  robot w i l l  be i l l u s t r a te d  
i n Chapter 6.
2.3. General dynamic equations.
Consider the robot shown in Figure 2.1 wi th  masses added to  each l in k  
as shown in Figure 2.6. For the derivat ion of the robot dynamic equations, 
each l i n k  of  the robot i s  t re a te d  as a freebody w i th  fo rces  and moment 
app l ied  to  the l i n k .  For a t y p i c a l  l i n k  ( i )  shown in  F igure  2.7, the mass 
of t h i s  l i n k  is  assumed to  be concentrated at  i t s  cen tre  of mass, masses 
are app l ied  at the t i p  and base of the l i n k  to  act as e x te rn a l  loads. The 
kinematic equations of these masses are obtained from the equations given
fo r  an axis system in Section 2.2.
Using these equat ions, the dynamic e q u i l i b r i u m  equat ions of  a l i n k  
system are derived as fo l low  neglect ing l i n k  ( i ) 1 s s t r u c t u r a l  d e f l e c t i o n .  
The d r i v i n g  torque of a given l i n k  i s  assumed to  be equal t o  the to rque
d r i v i n g  the l i n k  plus the torque d r i v i n g  the loads p lus the  to rque
overcoming the reac t ion  of the prev ious l i n k  p lus f r i c t i o n  and g r a v i t y  
torques. That is
1  ( i )  = T LINK ( i ) + T EXT LOAD ( i )  + T LINK ( i )
+ T FRICTION + T GRAVITY ( i )
( 2.43 )
The dynamic equations are generated based on th is  assumption.
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2.3.1.  Linear momentum vector.
Linear momentum vector at frame ( i )  is  given as
i l / i  T( i ) T ( i ),1 l / i
com(i) com(i),i  i / i
B ( i ) B(i ),i l / l  i - l  l / l
( 2.44 )
Equation 2.44 is the vectoria l sum of l inea r  momentum vectors of each mass 
of l i n k  ( i )  and the reac t ion  l i n e a r  momentum of  previous l i n k  ( i - 1 ) .  A 
computer l i n e a r  momentum vec to r  module fo r  a l i n k  system can be generated 
from th is  algorithm.
2.3 .2 .  Force vector.
The fo rce  vec to r  at  frame ( i )  i s  obta ined from the ra te  o f  change of  
l inea r  momentum vector derived in equation 2.44 and is  given as
i i / i l l / i
= H T / . i  ( R T / .» . JT ( i ) T ( i ) , i  i / i
com(i) com(i),i  i / i
+ M B ( i )  1 R B ( i ) , i  } i / i  + { F i -1  1 i / i
( 2.45 )
Equation 2.45 is  the vectoria l sum of a l l  l i n k  ( i ) ‘s mass force vectors and 
re a c t io n  fo rce  vec to r  of l i n k  ( i - 1 )  about frame ( i ). Th is  a lg o r i t h m  
therefore const i tu te  a computer force vector module.
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2 . 3 . 3 .  Angular momentum v e c t o r .
The l in k  can be modeled as e i the r  a lumped mass system or d is t r ibu ted  
mass system. That i s  l i n k  ( i )  can be modeled as shown in  F igure 2.6 or 
ins tead of  mass of  l i n k  ( i )  ac t in g  at  the cen tre  of mass, the mass
composition of l in k  ( i )  is  used to  evaluate i t s  moment of in e r t ia  about the
axis of ro ta t ion .  The angular momentum vector at frame ( i )  is  given as
For d is t r ibu ted  mass system.
t H i } i / i  = c 1 1 1 i / i  ‘ u i 1 i / i
• + C R T ( i ) , i  ]  i / i  ‘  G T ( i ) } i / i
+ [  R n / - \  • 3 • / •  { G D / • \  ^ • / '  +  ^ ^ • 1  ^-i /■?B ( l  ) ,1 l / l  B(l ) l / l  1 - 1  l / l
( 2.46 )
For lumped mass system.
i i / i  com(i),i  i / i com(i) i / i
+  [ R  T ,.> . ] . { G  T /' \ ^ •/•T ( i ) ,i J l / i  T ( i ) l / i
+ [  R n f M  • 3 { G n / • \ } - /• + 1 H . , ) • / •B ( i ),1 i / i  B (i ) l / i  i - l  l / l
( 2.47 )
Equations 2.46 and 2.47 are the v e c to r i a l  sum of i n d iv i d u a l  mass of  l i n k  
( i )  angular momentum and the reaction angular momentum of l i n k  ( i -1 )  about 
the ax is  of  r o t a t i o n .  These equat ions can be generated i n t o  computer 
angular momentum vector module.
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2 . 3 . 4 .  Torque v e c t o r .
The torque vector of frame ( i )  is  obtained from the rate of change of 
angular momentum vector and is  given as
For d is t r ibu ted  mass system.
( H . } . / .  = [  o [ I - ] . , -  { u . } . / .i l / i  i i / i  i i / i l i / i
+ [ I . ] . , ,  { u . } . . .i i / i  i i / i
+  ^ R T ( i ) , i ^ i / i  { F T ( i )  } i / i  
+  ^ R B(i ) , i  i / i  { F B ( i ) } i / i
i-l i/i
( 2.48 )
For lumped mass system.
 ^ R i F i  /  i ”  ^ R c o m ( i ) , i ^ i / i * F c o m ( i ) J i / i
+ R T ( i ) , i   ^ i / i  { F T ( i )  1 i / i
+ [  R B ( i ) , i  ]  i / i  { F B(i) } i / i  + ( R i -1  } - i / i
( 2.49 )
Equations 2.48 and 2.49 can be used to  generate a computer to rque  v e c to r  
module of l i n k  ( i )  about i t s  axis of ro ta t ion .
Where
[ R ]  { F 1. : The f i r s t  moment 
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0 - z y
[  R ]  = z 0 -X
-y X 0
( 2.50 )
Ixx Ixy Ixz
[ I ]  = Ixy iyy Izy
Ixz iyz Izz
( 2.51 )
Equations 2.50 to  2.51 c o n s t i t u t e  the genera l ized  dynamic equat ions o f  a 
robot l i n k  system. These a lg o r i th m s  th e re fo re  can be used to  generate a 
computer dynamic module of a robot l i n k  system.
2.4.  Discussion.
The kinematic equations fo r  a robot system have been formulated w i th  3 
x 3 t ra n s fo rm a t io n  matr ices  which are more e f f i c i e n t  than the 4 x 4  
transformation matrices employed in the Denavit and Hartenberg approach [  7 
] .  Although in  g e t t in g  t h i s  e f f i c i e n c y  the scale f a c t o r  has been o m i t te d  
from the transformation matrices but can be added on i f  requested. Unl ike 
the Euler angles approach which has a pre - determined order of ro ta t ion  
f o r  the t r a n s fo rm a t io n  m a t r ices ,  t h i s  approach has not imposed such 
re s t r i c t io n  on the formulat ion of the transformat ion matrices. To th is  end, 
a user can se le c t  a des ired order of r o t a t i o n  f o r  the f o r m u la t io n  of 
transformation matrices. Also, the freebody method avoids the combined use 
of  the t r a n s la t i o n a l  and r o ta t i o n a l  parameters in i t s  fo r m u la t io n  o f  
transformation matrices as provided in the Denavit and Hartenberg approach. 
Each of these transformation matrices are formulated separately thereby the 
desired orders of ro ta t ion and t rans la t ion  can be selected by the program
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user.
The kinematic equations have been formulated s ta r t ing  from the end - 
e f f e c t o r  and working down the robot l in kag e  to  the robot  base. This 
approach has been chosen purposely  to  keep to  the freebody theme. The 
kinematic equations can be formulated in the other d i rec t ion  except tha t  i t  
w i l l  not keep to  the procedure of the freebody a n a ly s i s .  The former 
approach has the advantage of using the desired end -  e f fec to r  performance 
to determine the j o i n t  angles and vice visa.
The or ien ta t ion  vectors of axis systems are formulated using a pre - 
determined combination matr ix which f a c i l i t a t e s  the easier determination of 
the inverse kinematic so lu t ion.  However, due to the associated problems of 
the inve rse  k inem at ics ,  i t  has been decided t h a t  the in v e rs e  k inem at ic  
s o lu t i o n  i s  best fo rm u la ted  f o r  a p a r t i c u l a r  robot r a th e r  than the 
generation of  a general s o lu t i o n  which requ i res  the user t o  choose the 
c o r rec t  combi na t i  on matr i  x whi ch wi 11 y i  e l  d the sol u t i  on. Th e re fo re ,  i n 
Chapter 6, an in ve rs e  k inemat ic  s o lu t i o n  of the Asea IRb6 robo t  i s  
presented to  i l l u s t r a t e  the process in v o lv e d  in  the d e te rm in a t io n  of 
inverse kinematics so lu t ion.
The freebody a n a ly s is  does not re qu i re  the generat ion  o f  the  robot  
k i n e t i c  and p o te n t i a l  energy equations f o r  the fo r m u la t io n  of  the  robot  
dynamic equations as required by the lagrangian [ 42 ]  and Hamilton [ 42 ] 
approaches. Each of the robot l i n k  is  represented as shown in  F igu re  2.7 
and the fo rce  and torque e q u i l i b r i u m  equat ions are fo rm u la te d  us ing the  
freebody analysis. The basic assumption fo r  t h is  method is  the formula t ion 
of a to rque e q u i l i b r i u m  equation f o r  each of the ax is  system as g iven  in  
equation 2.43. This assumption therefore f a c i l i t a t e s  the model l ing of the 
robot l inkages as freebodies.
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The use of freebody analysis makes i t  unnecessary to  develop special 
methods f o r  the generation of robot dynamic s o lu t i o n  such as the use of 
special in e r t ia  matrices equations [ 19 ]  and look - up tables [ 19 ]  which 
are some of  the methods employed w i th  the use of Lagrangian equat ions .  
Since i t  is  quite  easy to solve fo r  the kinematic and dynamic equations of 
a single l in k  robot, an N l in k  robot is  treated as an N one l i n k  robots.
The p o s s i b i l i t y  of  represent ing  robot l i n k s  as f reebod ies  has 
i n i t i a t e d  the use of modular computation fo r  the development of the robot 
dynamic simulat ion program. In the next chapter, the equations generated in 
th is  chapter are combined to  form robot s tructure  equations which are the 
algori thms employed fo r  the simulat ion program.
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CHAPTER THREE.
ROBOT STRUCTURE EQUATIONS.
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3. ROBOT STRUCTURE EQUATIONS.
3.1. Introduction.
The k inemat ic  and dynamic equations de r ived  in  Chapter 2 can be 
f u r t h e r  d e v e lo p e d  t o  r e p r e s e n t  the  ro b o t  l i n k ,  j o i n t  and d r i v e  
respect ive ly .  These modules can be grouped together to  represent the three 
robot main systems namely LINK, JOINT and DRIVE systems [  73 ] .  A LINK 
system consists of al 1 the kinematic and dynamic algori thms generated in 
Chapter 2 f o r  an ax is  system and f o r  the to o l  P ax is  system. The JOINT 
system consists of a l l  the t rans la t iona l  and ro ta t iona l  matr ix algori thms 
needed by the LINK system. The DRIVE system con s is ts  o f  a l l  the j o i n t  
ac tua to rs  and d r i v e  components such as l in kag e  d r i v e ,  b e l t  d r i v e  and 
reduction gearing. The robot d r ive  equations are presented in Chapter 4.
In t h i s  chapter ,  al gori thms represent! ’ ng the LINK and JOINT systems 
are presented. Also included are the algorithms fo r  the generation of the 
inverse kinematics and t ra jec to ry  generation between two given points.
3.2. The Link system.
For each l i n k  of a robo t ,  k inemat ic  and dynamic p r o p e r t ie s  o f  the 
l ink 's  t i p  load, the l in k 's  centre of mass, the l in k 's  end load and the end 
-  e f fec to r  are required fo r  the simulat ion.  The kinematic cha rac te r is t ics  
o f  th e  end -  e f f e c t o r  i s  passed on t o  th e  nex t  l i n k  f o r  f u r t h e r  
ca lcu la t ions ,  whi le  the kinematic and dynamic charac te r is t ics  of the other 
th ree  are used f o r  dynamic c a l c u la t i o n s  of the l i n k  at i t s  l o c a l  ax is  
system. This procedure f a c i l i t a t e  an ind iv idua l  monitoring of a p a r t i c u la r  
l i n k  during a simulat ion process.
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To s im p l i fy  the process involved using the method of freebody, since 
the same angular motions are required by the l ink 's  t i p  load, the centre of 
mass and the end load, these p o s i t io n s  are cascaded i n t o  a 3 x 3 m a t r i x  
such that  the i n i t i a l  posit ion of say l in k  ( i )  is  given as
The p o s i t i o n  vec to r  of l i n k  ( i )  shown -in F igure 2.3 about the lo c a l  ax is  
system i s  given in  equation 2.2 and the corresponding p o s i t i o n  m a t r i x  of 
l i n k  ( i )  and i t s  loads shown in F igure  2.7 about the loca l  ax is  system is  
given as
Equation 3.2 is  the transformat ion of the i n i t i a l  posit ion vectors of the 
l i n k  ( i ) ' s  masses to  t h e i r  f i n a l  p o s i t i o n  vec to rs .  The p o s i t i o n  m a t r i x  
include displacements due to angular and t rans la t iona l  motions.
The ve loc i ty  vector of l i n k  ( i )  about the axis of ro ta t ion  is  given in 
equation 2.21 and the ve loc i ty  matr ix  of l in k  ( i )  and i t s  masses is  derived 
from the rate of change of the pos i t ion matr ix given in equation 3.2 and is  
given as
 ^ R o i - l , i   ^ i / i
com i i / i
Rx t i p  i R Rx end ix com l
Ry  t i p  i R Ry end iy com i
Rz t i p  i R Rz end iz com i
3.1 )
( 3.2 )
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and the accelerat ion vector of l in k  ( i )  about the axis of ro ta t ion  is  given 
in equation 2.34 and the corresponding accelerat ion matr ix of l i n k  ( i )  and 
i t s  masses i s  obta ined from the ra te  of change of v e l o c i t y  m a t r i x  and is  
given as
£ R 1-1,i ] i/i i ] i/i [ * i-1,1 ^ i/i
+ [ O . ] i/i [ [ R P)i ] i/i + [ L i_1 ] i [ R oi.lti ] i/i 3
( 3.4 )
The l i n e a r  p o s i t i o n ,  v e l o c i t y ,  a c c e le ra t io n  vecto rs  of  the end e f f e c t o r  
remain unchanged.
The l inea r  momentum vector of l i n k  ( i )  shown i n  Figure 2.7 is  already 
given in  equat ion 2.44 and can a lso be cascaded f o r  s i m p l i f i c a t i o n  as 
fo l lows.  Given the l inea r  momentum vector of equation 2.44,
* ^ i * i / i  M T ( i ) * ^ T( i  ) , i  * i /  i + M com ( i ) * R com(i ) , i  * i / i  
+ M B ( i )  { R B(i ) , i  1 i / i  + { G i -1  } i / i
( 2.44 )
the l ink 's  t i p  load, mass and end load can be represented by the fo l lo w in g  
mass column matrix
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r
T ( i )
( M ( i )  > com( i )  >
B( i )
( 3.5 )
Therefore, { M ^  } is  the mass column matrix of l in k  ( i )  representing the
values f o r  the t i p  load, the l i n k  ( i ) ' s  mass and the end load. The
applicat ion of the mass column matr ix  to  equation 2.44 y ie ld  the fo l low ing
equation fo r  the l inear  momentum of l i n k  ( i ) .
1 i J i / i  i - 1 9t i / i  ( i )  i - l  i / i
( 3.6 )
The corresponding fo rce  e q u i l i b r i u m  vec to r  i s  obta ined from the ra te  of  
change on the l inear  momentum vector given in equation 3.6 and is  given as
* F i -1  * i / i
( 3.7 )
Equations 2.45 to 2.48 remain unchanged fo r  the angular momentum and torque 
vectors of the robot l in k  system fo r  both the d is t r ibu ted  and lumped mass 
models but there is  a need to  generate l inea r  momentum and force vectors 
i n d i v i d u a l l y  f o r  the l i n k  ( i ) ' s  loads which does not conform to  the 
s im p l i f i c a t io n  discussed e a r l ie r .  There fore to  reso lve  t h i s  problem, the 
vectors are generated using a f i r s t  moment algori thm, the input data are 
the mass column m a t r ix  of l i n k  ( i ) ,  l i n e a r  v e lo c i t y  and a c c e le ra t io n  
vectors giving the required l inea r  momentum and force vectors respective ly 
which are then employed in  equat ions 2.47 and 2.49. For the d i s t r i b u t e d  
mass model of l i n k  ( i ) ,  the angular  momentum and to rque vec to rs  of
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equations 2.46 and 2.48 are processed in same way but the l ink 's  centre of 
mass posi t ion vector is  given as nul l  vector thereby the l inea r  momentum 
and fo rce  vecto rs are also n u l l  vecto rs  and are replaced by the l i n k ' s  
moment of in e r t ia  fo r  the calcu la t ion of the angular momentum and torque 
vectors'  c a lc u la t io n .
The algori thms generated in th is  section and those generated fo r  the 
tool P in Chapter 2 const i tu te the working algori thm fo r  a LINK system. A 
computer LINK MODULE is  generated from these algori thms.
3.3. The Jo in t  system.
The Join t transmits the motion generated by the actuators to  the l in k .  
The J o in t  can be e i t h e r  re v o lu te ,  c y l i n d r i c a l  or p r i s m a t i c .  Angular and 
radial  motion parameters of the l in k  are generated by the Jo in t  system and 
these serve as input in to  the LINK module.
3 .3 .1 .  The revolute Jo in t .
A revolute j o i n t  can be e i ther  a s ingle degree of freedom system or a 
mult i  -  degree of freedom system. Although in pract ice i t  is  not common to 
have a robot wi th more than one degree of freedom at each j o i n t .  However, 
in  a l l  cases the re  are no ra d ia l  motion and a l l  r a d ia l  motion parameters 
are zero. A revolute j o i n t  can be e i ther  x - d i re c t ion a l ,  y -  d i rec t iona l  
or z -  d i rec t iona l .  The ro tat ion matr ix  needed by LINK module is  generated 
by the revolute j o in t .  This matr ix can be e i the r  an x - d i rec t iona l  cosine 
m a t r i x ,  or  a y - d i r e c t i o n a l  cosine m a t r i x ,  or a z - d i r e c t i o n a l  cosine 
m a t r i x ,  or a combination of these m a tr ices  depending on the  number o f  
degrees of freedom associated with the revolute j o i n t  under considerat ion. 
The d i rec t iona l  cosine matrices, angular ve loc i ty  and angular acce lerat ion
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vectors are given as fo l lows. 
For the x - ax is ro ta t ion.
The ro ta t ion matr ix is  given as
1 0 0
0 Cos 9 Sin 9x
0 -Sin 0 Cos 0
X X
(
The angular ve loc ity  vector and matr ix are respectively given as
r  *\ —
X
3 0 0 0
O
>
0 0 X31
0 0 (J 0
x _
(
The angular ve loc ity  matr ix is  generated as shown i n  equation 2.50 
l inea r  posit ion matr ix and the generation of the matr ix i t s  vector 
in  Fi gure 2.4.
Angular accelerat ion vector and matrix are respectively given as
r •
°x 0 0 0
0 > 0 0
•
‘ ux
0 ' 0 (JX 0
(
3.8 )
3.9 )
f o r  the 
is  shown
3.10 )
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For the y -  ax is r o ta t io n .
The ro ta t ion  matrix is  given as 
Cos e
0
Sin 0
-Sin e, 
0
Cos 0
y j
( 3.11 )
The angular ve loc i ty  vector and matr ix are respectively given as
r
0 0 0
"uy
uy )
0 0 0
0
_uy
0 0
( 3.12 )
The angular accelerat ion vector and matr ix are respectively given as 
f 0
y >
0
0
- a
0
0 0
( 3.13 )
For the z - axis ro ta t io n .
The ro ta t ion matrix is  given as
Cos 0
-Sin 0
Sin 0
Cos 0
( 3.14 )
A. E. Somoye December 1985.
The angular ve loc i ty  vector and matrix are respectively given as
r
0 0 z 0
0 uz 0 0
u
Z
0 0 0
V , ( 3.15 )
The angular accelerat ion vector and matr ix are respective ly given as
^0 ^ 0
•
u
z 0
0 >
•(0
z 0 0
•
u
z
L j
0 0 0
( 3.16 )
For a B a l l - j o i n t  which possesses th ree  degrees of  freedom, the r o t a t i o n  
m a t r i x  can be assumed to  be an [  L ( 0 , 0  , e ) ]  combinat ion g iv in g  thez '  y
fo l low ing  matrices and vectors. 
The ro ta t ion matrix is  given as
C 0 C 0 z y
■S 0 C 0 z y
s 0 . .
C 9 z S e y S e x + C e x S e z
C 9 z C 9x -
-  s 9x c ey
S 0 S 0 S 0 x y z
S 0  S 0 z x S ey C ex C e z
S Sy s ez c e x + C 0 Z S e x 
c e x c 0y
( 3.17 )
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The angular ve loc ity  vector and matr ix are respectively given as 
r
o -u
0
( 3.18 )
The angular accelerat ion vector and matr ix are respectively given as
r  ^  • — • •
u x
0 "(0Z u y
y
►
•
u z
0
•
COX
•
u z 
V  J
• •
to
X
0
( 3.19 )
3 .3 .2 .  The prismatic Jo in t .
A pr ismatic j o i n t  can only be a single t rans la t iona l  degree of freedom 
j o i n t  and a mult i  - t rans la t iona l  degree of freedom j o in t  can be configured 
from a series of single t rans la t iona l  degree of freedom jo in t s .  Prismat ic  
j o i n t  can be loca ted at  the ax is  of  r o t a t i o n  of  an ax is  system or a t  a 
p o in t  on the l i n k  r e s u l t i n g  in  a ra d ia l  motion. In e i t h e r  case, each 
pr ismatic  j o i n t  is  treated as a separate system such that  fo r  a l i n k  w i th  a 
revolute j o i n t  at the axis of ro ta t ion and a pr ismat ic  j o i n t  at a po int on 
the l in k ,  the whole l in k  is  treated as a two l in k  systems. In a l l  p r ismat ic  
j o i n t  systems, the re  are no r o t a t i o n a l  motion th e re fo re  a l l  the  angu la r  
parameters of motion are zero thereby g iv in g  n u l l  angular d isp lacem en t ,  
v e l o c i t y  and acce le ra t io n  vecto rs  and a u n i t y  r o t a t i o n  m a t r i x .  The main 
concern is  the generation of the radial parameters of motion fo r  the j o i n t  
system. I t  i s  assumed th a t  due to  the ra d ia l  motion, the  i n i t i a l
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d isp lacement of a l i n k  is  made v a r ia b le  and the r e s u l t i n g  ra d ia l  motion 
vectors are given as fo l lows.
For the x - axis radial motion.
The radial  displacement, ve loc i ty  and accelerat ion vectors are respective ly 
given as
r  ^ (  ^  • r  "
R R Rox ox ) ox
< o > < R 0 > =  < 0 { R } = \x 0 J 0
0 0 0
L L J u  J
>
( 3.20 )
For the y - axis radial motion
The radial displacement, ve loc i ty  and accelerat ion vectors are respective ly  
given as
t R 0 ‘ oy { R  } x o ' R /  oy
0v_
{ R  > o '
( 3.21 )
For the z - axis radial motion
The radia l displacement, ve loc i ty  and accelerat ion vectors are respective ly  
given as
A. E. Somoye December 1985.
roz
V- J
oz  
V-. J
{ R } o
R oz
J
( 3.22 )
For a j o i n t  with three radial degrees of freedom shown in Figure 3.1, 
the radial displacement, ve loc i ty  and accelerat ion vectors are respective ly 
given as
ox
oy < R 0 >
R
oz  
V_ J
r  ^
R
ox
oy >
0 2  / ^  J
<R 0 > = \
- \
R
R
R
ox
oy
oz
( 3.23 )
3 .3 .3 .  The cy l ind r ica l  Jo in t .
A c y l i n d r i c a l  j o i n t  i s  a combination of one re v o lu te  j o i n t  and one 
pr ismatic  j o i n t  and is  shown in  Figure 3.2. From the f igu re ,  a cy l in d r ic a l  
j o i n t  can only have one ro ta t iona l  degree of freedom and one t rans la t io na l  
degree of freedom in any chosen d i rec t ion .  Depending on the configurat ion 
chosen, the Cyl indr ica l  Jo in t  module produces angular motion matrices and 
r a d ia l  motion matr ices .  With the use of  re v o lu te  and p r i s m a t i c  j o i n t  
systems, d i f fe re n t  forms of j o i n t  configurat ion can be generated to  s u i t  
the requirements fo r  the robot system. The algorithms generated fo r  each 
type of J o in t  are developed i n t o  subrou t ines  and c o n s t i t u t e  the JOINT 
MODULE.
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3 . 4 .  I n v e r s e  k i n e m a t i c s .
With re ference to  Chapter 1, the problems assoc ia ted w i th  inverse  
kinematics are not easy to solve and various authors [ 5 - 8 ,  11, 16, 19, 
22, 27 - 29 ]  have tackled th is  problem with  l i t t l e  success in generating a 
general inverse kinematic solut ion fo r  indus t r ia l  robots.
Numerical method fo r  solving th is  problem had been t r i e d  and found to 
be inconsistent which means tha t  the solut ion can only be generated using 
analy t ica l  method. An assumption [ 5 ]  which f a c i l i t a t e s  a quick numerical 
solu t ion is  the one which assumes tha t  the three main degrees of freedom of 
a s ix  or a f i v e  degrees of  freedom robot loca te  the t o o l  a t  the  des i red  
posi t ion while the three or two degrees of freedom at the w r is t  or ienta te  
the to o l  as des ired.  This approach th e re fo re  reduces the problems 
associated with  inverse kinematic and f a c i l i t a t e  a quick so lu t ion ,  although 
th is  may not be found to be true in pract ice.
The a n a ly t i c a l  s o lu t io n  f o r  a p a r t i c u l a r  robot i s  the on ly  v ia b le  
a l t e r n a t i v e .  There fore ,  i t  i s  q u i te  c le a r  t h a t  f o r  d i f f e r e n t  robot  
c o n f ig u r a t i o n s ,  the manual genera t ion  of  the work ing a lg o r i th m s  have to  
take place before a computer module is  produced. I t  takes t ime to  generate 
th is  algori thm which is  quite bet ter  than using a numerical method which is  
not c o n s is te n t .  A p a r t i c u l a r  s o lu t i o n  o f  the Asea IRb6 robot  and o th e r  
robots  w i th  such c o n f ig u r a t io n  i s  given in  Chapter 7 and c o n s t i t u t e  the 
INVERSE KINEMATIC MODULE.
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3 . 5 .  T r a j e c t o r y  g e n e r a t i o n .
Two types of t ra jec to ry  generation algori thms are considered, one is  
based on the spherical t r ia ng le  p r inc ip le  and the other works on the three 
dimensional  equat ions of a s t r a i g h t  l i n e .  F igure 3.3 shows a sketch o f  a 
spherical t ra jec to ry .  To generate a spherical path between posi t ions A and 
B, l e t  p o s i t i o n  vecto rs  at A and B be { R ^ }. and { R g } r e s p e c t i v e l y  
where
( 3.26 )
( 3.27 )
( 3.28 )
( 3.29 )
Let
b " 9 A 0 B
From spherical t r ia ng le  propert ies. 
Cos c = Cos b Cos a
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Therefore
c = Cos ( Cos b Cos a )
S r A + r B ‘ 2 r A r B CoS(0
but  u = b
S = / ( r A + r B '  2 r  A r B Cos u )
2 . c 2 2
,  = Cos - 1 '  f A  B
( 3.30 )
( 3.31 )
( 3.32 )
2 r a s
Spherical angle c can be divided in to  N parts such that  
i c
c .  ■
1 N
and i varys from 1 to N.
Let
1 /  Sin a \  .. /  Sin b
D = Sin --------  E = Sin “' i
( 3.33 )
( 3.34 )
Sin c /  \ S in  c
( 3.35 )
Therefore
a . = Sin ( Sin E Sin c  ^ )
( 3.36 )
b . = Sin ( Sin D Sin c. )
1 1 ( 3.37 )
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i  . = $ a -  a i
u . = b - b .l l
Sin y
r . = ri B\ c .Sin tj .i,
z . = r . Sin $ .i i i
y . = r . Cos e . Cos $ .
J i  i  i  i
x . = r . Sin e . Cos $ .i i i i
( 3.38 )
( 3.39 )
( 3.40 )
( 3.41 )
( 3.42 )
( 3.43 )
( 3.44 )
I f  s t r a i g h t  l i n e  t r a j e c t o r y  i s  requ i red ,  a s i m i l a r  method l i k e  the 
spherical t ra je c to ry  is  used. The algori thm is  generated as fo l lo w .
x . = x + I t
( 3.45 )
( 3.46 )
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( 3.47 )
( 3.48 )
( 3.49 )
( 3.50 )
A ' + ( y B -  y A } 2 + ( z B '  Z A > 2 >
( 3.51 )
t  is  the d iv is ion  size of the t ra jec to ry .  Figure 3.4 shows a sketch of the 
s t r a i g h t  l i n e  t r a j e c t o r y .  A computer t ra je c to ry  generation module cal led 
TRAJET is  generated from these algori thms.
There are two ways of checking whether the t ra je c to ry  l i e s  w i th in  the 
work volume of a given robot. The f i r s t  method is  to  couple the Trajectory  
generat ion module w i th  the Inverse k in e m a t ic  module and the c a lc u la te d  
j o i n t  angles can be used to check i f  the angular displacement l i m i t s  of the 
jo in ts  are not exceeded. The second method is  to  check using angles 0 and $ 
and the maximum possible radius which the robot can generate. The second
z . = z . + n ti A
Where
x B " x A
m =
n -  J . B  '  Z f t
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method is  qu icke r  in generat ing the t r a j e c t o r y  but i t  has a disadvantage 
which can be problematic in tha t  i t  may generate the j o i n t  angles which may 
not be compat ib le  w i th  the des i red t r a j e c t o r y  s ince the re  are numerous 
solu t ion to  an inverse kinematic of a given posi t ion vector.
3.6 . Discussion.
Computation process fo r  generating the l ink 's  t i p  load, centre of mass 
and end load k inem at ic  and dynamic equat ions i s  reduced tremendously  by 
cascading these posit ions in to  a 3 x 3  matr ix  instead of the generation of 
ind iv idual  load equations. The kinematic module generated fo r  the too l  P 
remains unchanged and i t  is  included in the LINK module. In pract ice,  i t  is  
po ss ib le  to  have more than two loads on a robot l i n k .  When t h i s  happens, 
these loads can be resolved in to  two posit ions and the resu l t ing  pos i t ions 
and masses can be fed in to  the s imulat ion program. Although, an examination 
of indus t r ia l  robots before the simulat ion program was w r i t te n  showed tha t  
i t  is  rare to  f ind  a robot with more than two loads on each l i n k .  Even when 
a robot is  being used fo r  welding where i t  carr ies the welding equipments, 
the l im i t a t i o n  placed on the robot by the manufacturer l im i t s  the amount of 
load tha t  the robot l i n k  can carry.
The JOINT module has not been s im p l i f ie d  by the use of a general three 
degrees of freedom rota t ion and t rans la t ion  matrices in order not to  placed 
any re s t r i c t io n  o n i t s  use. Therefore, i t  is  possible fo r  the user of t h i s  
module to  select i t s  own ro ta t ion combination which s a t is f ie s  his needs.
The t r a j e c t o r y  generati  on ( TRAJET ) module has been l i m i t e d  t o  two 
basic t r a j e c t o r i e s  namely the s t r a i g h t  l i n e  and spher ica l  paths. Other 
t ra je c to r ie s  can be formulated from these basic t ra je c to r ie s .  The generated 
t ra jec to ry  can be sub-divided in to  an N number of segments where N varies 
from 1 to the highest possible number on the computer.The higher the number
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of d iv is io n  the smoother the t ra je c to ry .
In the next chapter , the a lg o r i th m s  f o r  d i f f e r e n t  robot  d r iv e s  and 
d r iv e  components which f u r t h e r  enhance the development of  the robot  arm 
dynamic simulat ion program are presented.
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A translational | 
motion about * *
the x axis.
A translational motion about 
the z axis.
A translational motion 
about the y axis.
Fig. 3-1: A schematic sketch of  a pr ismatic j o i n t
-vA rotational motion about the z axis.
A translational motion about 
the z axis.
Fig. 3-2: A schematic sketch of a c y l in d r ic a l  j o i n t .
E. Somoye December 1985.
JoV-I
ouo<u•«“>
cti
U
4->
ctf
a•H
ua)
&p<
co
4 -1
o
x io
4-1<u5^
CO
> -
a>
0
•H
4-1
CCj
1
XOco
COI
CO
fcO
•i“4
A. E. Somoye December 1985.
Fig 3-4 : A schematic sketch of a straight line trajectory.
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CHAPTER FOUR. 
ROBOT DRIVE EQUATIONS.
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4. ROBOT DRIVE EQUATIONS.
4.1. Introduction.
A robot d r iv e  system cons is ts  of  a c o n t r o l l e r  c o n t r o l l i n g  e i t h e r  a 
discontinuous motion actuator or a continuous ro ta t ion dr ive component. In 
p r a c t i c e  th ree  basic types of  ac tu a t io n  are used f o r  robot  automation 
namely pneumat ic , h y d ra u l ic  and e l e c t r i c  a c tu a t io n .  In some robo ts ,  a 
combination of these actuations are used and any form of actuation chosen 
can be e i ther  ro ta t iona l  or t ra ns la t io na l .  The most common actuators found 
in  robots a v a i la b le  in  the UK market are considered f o r  the  s im u la t i o n ,  
which are hydraul ic l inea r  and ro tary type actuators and d.c motors.
The mechanical dr ive component can be e i the r  a reduction gear, l inkage 
system, ba l ls c rew  or b e l t  d r iv e  system. These d r iv e  components are 
simulated together w i th  a P.I.D co n t ro l le r  using the Gear's routine [  74 — 
77 ] .
In t h i s  chapter ,  the a lg o r i th m s  generated f o r  the robot  a c tu a to rs ,  
dr ive components and a P.I.D con t ro l le r  are presented.
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4 .2 . Valve controlled hydraulic actuators.
4 .2 .1 . The hydraulic piston.
The o v e ra l l  t r a n s f e r  fu n c t io n  of an equal area va lve c o n t r o l l e d  
hydraul ic piston shown in Figure 4.1 is  given by [ 78 ]
( 4.1 )
In the absence of the load spring ( i . e  K = 0 ), equation 4.1 becomes
P
( 4.2 )
where
a = c =
4 r Kp e ce
ce
A
V M t  t
K I o M . +ce p e t
A J  V . P V t 4 A \/ R M . p V B e t
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4 . 2 . 2 .  The s i n g l e  vane r o tary  a c t u a t o r .
The overal l  t rans fe r  function of a s ingle vane rotary actuator shown
in F igure 4.2 is  given by [ 78 ] as f o l l o w s .
where
( 4.3 )
a = ce
D D o a
c =
4 B K e ce
0 # 4 b D 02 I  e o a
K / B J .  + B /  V .ce / e t  c /  t
V . D D t  o a 4 V B J . 0 De t  o a
D is the swept volume =
W ( R 2 - r  2 ) e
W ( R -  r ) R
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4 . 3 .  The e l e c t r i c  a c t u a t o r .
4 .3 .1 .  The d.c motor.
The overal l  t ransfe r  funct ion of the d.c motor shown in Figure 4.3 is  
gi ven by [ 79 ] as:
m
( 4.4 )
where
a =
L J a m L J a m
c =
c. _ a m_______i b
L Ja a
L B + R J a m  a m
2 / ( L a J m ( R a B m + K i K b >  5
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4 . 4 .  The d r i v e  components.
4.4 .1.  The reduction gear.
/
The equi l ib r ium torque equation of the reduction gear shown in Figure 
4.4 is  given by [ 80 ]  as:
T R = J t 0 m + B t 0 m
( 4.5 )
where
J t  = J x + n 2 ( J 2 + J L )
Bj .  = B ^ + n ^ ( B ^ ^ L ^
4 .4 .2 .  The harmonic dr ive .
The same equations are w r i t ten  fo r  Harmonic Drive except tha t  e ^ is  
not equal to  e ^ s ince the re  is  a f l e x i b i l i t y  in  the Harmonic D r ive .  This 
introduces another term in the torque equation which is  given as fo l lows .
n
( 4.6 )
n 2 S L ( 9 m ‘  9 L ) = " J L 9 L + n 8 L 9 L
( 4.10 )
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where
J t J 1 + n 2 0 2
B t
The harmonic drive manufacturer has given the formula fo r  the ca lcu la t ion  
of the loss motion due to  the gear s t i f f n e s s  and i t  i s  presented in 
Appendix A.
4 .4 .3 ,  The be l t  dr ive .
The o v e ra l l  b e l t  s t i f f n e s s  can be assumed to  be the same and the 
torque equi l ib r ium equation is  given by [  81 ]  as fo l lows.
Where r  ^ = n r 2
The above a lg o r i th m  is  very s i m i l a r  to  the a lg o r i th m  generated f o r  the 
harmonic gear t ra in  which means tha t  the same algori thm could be used f o r  a 
b e l t  d r i v e  and the d i f fe re n c e  being the values used in  the a lg o r i t h m . 'A  
be l t  dr ive when used in the ve r t ica l  mode has angular displacement loss due 
to  the load grav i ty  torque and i f  t h i s  loss can be evaluated as in the case 
of  the harmonic d r iv e ,  i t  can then be compensated from the idea l  angu la r  
displacement to  give the actual displacement.
( 4.11 )
0 = J 2 e + C 2 e 2 n K r 2 ( a - n 9 )
( 4.12 )
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4 . 4 . 4 .  The b a l l s c r e w .
The torque equi l ib r ium equation of the bal lscrew shown i 
i s  given by [ 80 ] as f o l l o w s .
The ra is ing torque equation is  given as
while the lowering torque equation is  given as 
T1
Where
•j- dm Cos tj,
The radial displacement equation is  given as
1 = 0 CT £
and the radial ve loc i ty  equation is  given as
• •
V = 0 a x,
while the radial  accelerat ion equation is  given as
n F igure 4.
( 4.13 )
( 4.14 )
( 4.15 )
( 4.16 )
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1 = 0 a c
( 4.17 )
where a is the lead and 5 is  the lead accuracy.
4.4 .5 . The l inkage dr ives.
Three types of  l inkage  d r ive s  have been s imu la ted  and two o f  these 
l inkage drives are those found on the Asea IRb6 robot. For a l inkage dr ive 
shown in Figure 4.7 the working algori thm is  derived as fo l lows.
The bal lscrew l inea r  displacement is  given as
2 2 2I = c + b  -  2 c b Cos 6
( 4.18 )
The d i f fe re n t ia t io n  y ie lds  the l inea r  ve loc i ty  which is  given as fo l lows
I I  = c be Sin e
( 4.19 )
The d i f fe re n t ia t io n  of the l inea r  ve loc i ty  y ie lds  the l ine a r  accelerat ion 
and is  given as fo l lows.
. 2 •• * 2
1 + 1 1  = c b - 0 Sin 0 + c be Cos e
( 4.20 )
Equations 4.18 to  4.20 can be w r i t t e n  to  represent  the b a l ls c re w  l i n e a r  
motion equations which are given as fo l lows
The l inea r  displacement equation is  given as
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1 = /  ( c 2 + b 2 -  2 c b Cos 9 )
( 4.21 )
the l inea r  ve loc i ty  equation is  given as
c b e Sin e 
1 =   -
1
( 4.22 )
and the l inea r  acceleration equation is  given as
1 =
•  2 *  2c b 9 Sin Q + c b 0 Cos 0 -  1
( 4.23 )
The robot j o i n t  angular motion equations are derived from equations 4.33 to
4.35 and are given as fo l lows.
The angular displacement equation is  given as
, , C 2 + b 2 -  1 2
= 0 —  = Cos ^
2 \  2 c b
( 4.24 )
the angular ve loc i ty  equation is  given as
1 1
e =
2 c b Sin 0
and the angular acceleration equation is  given as
( 4.25 )
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1 2 + 1 1 - 0 2 c b Cos eB = e _ ,__________________________________
c b Sin 0
( 4.26 )
The torque equation is given as
T = F c Sin ( a - 0 ) x
( 4.27 )
The l inkage system shown in Figure 4.8 is  the lower arm l inkage dr ive 
of  the Asea IRb6 robot .  The same work ing a lg o r i th m  i s  de r ived  f o r  the 
l inkage dr ive shown in Figure 4.9 which is fo r  the upper arm. The working
a lg o r i th m  i s  generated as f o l l o w s .  The ba l lsc rew  l i n e a r  d isp lacement  i s
given as
I 2 = a 2 + b 2 + c 2 + 2 a b Sin e - 2 a  c Cos e
( 4.30 )
The d i f fe re n t ia t io n  of the equation 4.40 y ie lds
•  •  .
1 1  = a q ( b Cos e + c Sin 0 )
( 4.31 )
and the d i f f e re n t ia t io n  of equation 4.41 y ie lds
= a V ( b Cos 0 + c Sin 0 )
• 2
+ a 0 ( a  Cos 0 - b Sin 0 )
( 4.32 )
* 2
1 L + 1 1
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The bal lscrew l inea r  motion equations can be represented as fol lows
The l inea r  displacement equation is  given as
1 =  / ( a 2 + b 2 + c 2 + 2 a b  Sin 9 - 2 a c Cos 0 )
( 4.33 )
the l inea r  ve loc i ty  equation is  given as
1 = a e ( b Cos 9 + c Sin 0 )
1
( 4.34 )
and the l inea r  accelerat ion equation is given as
1 = 1 ( 1 2 + a 0 ( b Cos 9 + c Sin 0 )
• 2
+ a 0 ( a  Cos 0 -  b Si n 0 ) )
( 4.35 )
The robot j o i n t  angular motion equations are derived from equations 4.33 to
4.35 and are given as fo l lows.
The angular displacement equation is given as
Let
_ 2 . 2  2 , 2  a + b . + c - 1
E =  --------------------------------   “
2 a
( 4.36 )
Therefore,
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, - E b + c /  ( b 2 - E 2 + c 2 )
= e - \p = Sin " -----------------
2 ( b 2 + c 2 )
( 4.37 )
Where ^ is  the angular displacement between the robot l i n k  and the ro ta t ing  
arm.
The angular ve loc i ty  equation is  given as
•  •
a ( b Cos 0 + c Sin e )
( 4.38 )
and the angular accelerat ion equation is  given as
=  0 =
•  «  •  o
1 1 + 1  - a 0 ( c Cos 0 -  b Sin 0 )
b Cos 0 + c Sin 0
( 4.39 )
The torque equation is  given as
T = a F Sin ( a -  0 ) 
/\
( 4.40 )
4.5 . The control algorithms for an arm system.
S im i la r i t y  can be seen in the block diagrams and in the expressions of 
the load p o s i t i o n  of  the h y d ra u l ic  and e l e c t r i c  a c tu a to rs  g iven in  
equat ions 4.4, 4.5, 4.9 and 4.13 re s p e c t i v e ly .  I t  i s  p o s s ib le  t h e r e f o r e  to  
use a general block diagram to  represent any given a c tu a to r  where
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parameters A to  H cha rac te r ize  the a c tu a to r  as shown in  F igure  4.10. I f  a 
P.I.D c o n t r o l l e r  is  added to  the block diagram of  the arm system as shown 
in  F igure 4.10. A con t ro l  a lg o r i th m  based on t h i s  block diagram can be 
generated fo r  both open and closed loop systems.
FOR OPEN LOOP CONTROL.
0 c ( J s 4 +  K s 3 + L s 2 + M s )
= n C K . P  + K R + K 0 -  n A Td p o r
FOR CLOSED LOOP CONTROL.
0 c ( J s 4 + K s 3 + L s 2 + Ms + N )
= n C K . P  + K R + K 0  - n A Td p o r
A Gear's method routine [ 74 ] is  employed to  solve these equations and the 
use of th i s  routine is presented in Chapter 8. To use the routine, a set of 
f i r s t  order d i f f e r e n t i a l  equations equal in  number to  the order  o f  the 
dynamic equation must be set up. Therefore, l e t
Y(1) = . 0 FTN(l) = Y(2)
( 4.43 )
Y ( l )  = e c FTN(2) = Y(3)
( 4.44 )
Y(3) = 9 c FTN(3) = Y(4)
( 4.45 )
-  n B U
( 4.41 )
-  n B U
( 4.42 )
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Y (4 )  = e c
( 4.46 )
FOR OPEN LOOP CONTROL.
J FTN (4) = n C K . P  + K R + K e - n A T - n B Ud p o r
- ( K s 3 + L s 2 + M s )
( 4.47 )
FOR CLOSED LOOP CONTROL.
0 FTN(4) = n C K . P  + K R + K e - n A T - n B Ud p o r
- ( K s 3 + L s 2 + M s + N )
( 4.48 )
A computer module has been generated from the a lg o r i th m s  given in  t h i s  
chapter  f o r  the dynamic s im u la t io n  of  a robot arm system using the
algori thm of Gear's method and is  named the DRIVE MODULE. The DRIVE module
generates the angular displacement, ve loc i ty  and accelerat ion vectors which 
serve as in p u t  i n t o  the JOINT module. The DRIVE module f a c i l i t a t e s  an 
independent m on i to r in g  of each robot l i n k  to  f i n d  s u i t a b le  c o n t ro l  
parameters and also to  show the e f f e c t s  of the o ther  l i n k s  on the 
performance of the l in k  under considerat ion.
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4 . 6 .  D i s c u s s i o n .
The working algori thms presented in th i s  chapter fo r  robot actuators 
and d r iv e  components have been developed i n t o  corresponding computer 
modules. The computer actuator modules have been l im i te d  to  the hydraul ic  
actuators and a d.c motor w i th  the aim of generating the pneumatic actuator 
module in  the near f u tu re .  The d r iv e  component modules inc lude  the bas ic  
robot dr ive components such as bal lscrew, l inkages and reduction gear. The 
inclusion of a P.I.D con t ro l le r  in the dr ive module f a c i l i t a t e s  the control 
s im u la t io n  of  robot l i n k s  whereby s u i t a b le  c o n t ro l  parameters can be 
selected fo r  each drive system and an example of th i s  process is  given in 
Chapter 8.
In the next chapter ,  the r e s u l t i n g  robot  arm dynamic s im u la t io n  
program is  presented and the c a l l  r o u t in e  f o r  both fo rward  and backward 
simulat ions are also presented.
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Fig. 4-1: A schematic sketch and closed loop block diagram of  
an equal area va lve  contro l hydrau l ic  piston.
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Fig. 4-2: A schematic sketch and c losed  loop b lock  diagram o f  
a v a l v e  c o n t ro l  hy rau l ic  s ing le  vane actuator.
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Fig. 4-3: A schematic sketch and closed loop block diagram of
a d.c motor.
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Motor
Load
Fig. 4-4: A schematic sketch o f  a reduction gear t r a i n .
Belt
Pulley.
Pulley
Fig. 4-5: A schematic sketch of a be l t  d r ive .
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Fig .  4-6: A schematic sketch of  a leadscrew,
x
0 6 6
F ig .  4-7: A schematic sketch of a l inkage dr ive .
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Fig. 4-8: A schematic sketch of the Asea IRb 6 robot lower l inkage d r i v e .
F ig . 4 -9 : A schematic sketch o f the  Asea IRb 6 robot upper lin kage  d r iv e .
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CHAPTER FIVE.
THE ROBOT ARM DYNAMIC SIMULATION PACKAGE.
A. E. Somoye December 1985.
5. THE ROBOT ARM DYNAMIC SIMULATION PACKAGE.
5.1. Introduction.
The Robot Arm Dynamic Simulat ion Package (RADSP) is  designed to assess 
both the dynamic performance of i n d u s t r i a l  robots  and t o  p r e d i c t  t h e i r  
steady -  state characte r is t ics .  I t  is also intended that  the USER could use 
the package fo r  rapid design and assessment of new f i x tu res  and gr ipper on 
robot arms.
To achieve these aims a modular software environment is  developed fo r  
the package and modules are developed to  represent  the LINK, JOINT and 
DRIVE respect ive ly .  The package concept shown in Figure 5.1 is  a schematic 
diagram of RADSP and shows the i n t e r a c t i o n  between the USER and the 
program. I t  also disp lays the algori thms associated with the RADSP.
The program concept i s  such th a t  the USER s p e c i f i e s  the  machine 
performance re qu i red ,  the robot s t r u c tu re ,  power d r i v e s  and j o i n t  
conf igurat ions. The program then assembles the Drive and the Jo in t  to  the 
Linkage. The Cal l  routines are shown in Figure 5.2. A geometric modell ing 
of the robot is  then set  up and using the m a t r ix  method deve loped in  
Chapters 2, 3 and 4 , the steady - state and dynamic analysis of the robot 
are determined.
The simulat ion program is  wr i t ten  in FORTRAN 77 and is  executed on the 
Un ivers i ty  Prime Computer. The program can also be executed on any computer 
w i th  standard FORTRAN 77 commands. The s im u la t io n  program c o n s is ts  of 
program modules which represent the LINK, JOINT, DRIVE, INVERSE KINEMATICS, 
TRAJECTORY GENERATION, GEOMETRIC MODELLING, GRAPH PLOTTING AND INIT IAL. 
Also, a module has been developed from the DRIVE, JOINT and LINK modules to 
represent an ARM SYSTEM ( ARMSYS ) which can be used by experienced USERS
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of the RADSP to  simulate both ser ia l  and non ser ia l  robots such as p la tform 
robots [  17 ] .
In t h i s  Chapter, a f u l l  d e s c r ip t io n  of  the Robot Arm Dynamic 
S im u la t ion  Package ( RADSP ) and the associated c a l l  r o u t in e s  f o r  both 
forward and backward simulat ions are presented.
5.2. The program modules.
5.2.1. The I n i t i a l  module.
I t  is  necessary fo r  the USER to  communicate wi th RADSP, so an INITIAL 
module has been developed fo r  t h is  purpose. The INITIAL module is  the f i r s t  
ca l 1 in the program and al 1 the in fo rm a t io n  concern ing the  geometry and 
phys ica l  p ro p e r t ie s  of  the robot  l i n k s ,  j o i n t s  and ac tu a to rs  are 
transmitted in to  the program. The input information there fore  inc lude the 
fol lowing
( i )  The number designation of the robot l i n k .
( i i )  The l i n k  physical parameter such as the dimensions of the l i n k ,  
mass, cen tre  o f  mass, moment of i n e r t i a  about cen tre  o f  mass, cen t re  
of ro ta t ion ,  and load d is t r ib u t io n .
( i i i )  The angular displacement constra int of each j o i n t .
( iv )  The normal rest and energized posit ions.
(v) The angular displacement demands fo r  each j o i n t .
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The output data from th is  module are
(a) The moment of i n e r t ia  of the l i n k  about axis of ro ta t ion ,  g rav i ty  
and f r i c t i o n  torques.
(b) Parameters needed by other modules in matr ix form.
A f lowchart  i l l u s t r a t i n g  the operations of th is  module is shown in Figure
5.3.
5.2 .2 . The Drive module.
The DRIVE modu 1 e consi s ts  of a l i b r a r y  of subrou t ines  which are the  
working algorithms fo r  an e le c t r i c  motor, hydraul ic  actuators, and d r ive  
components such as b e l t  d r i v e ,  reduc t ion  gear, and l in k a g e  d r i v e s .  For 
control purposes, a P.I.D c o n t r o l l e r  with feedback gains using the Gear's [  
75 ] method a lg o r i th m  is  a lso  added to  the d r i v e  module f o r  the fo rward  
control simulat ions.
The c h a r a c t e r i s t i c  data of  each type of d r i v e  i s  s u p p l ie d  v ia  an 
external f i l e  and the i n i t i a t i n g  data is suppl ied by the USER through the 
s p e c i f ie d  machine performance data. The output o f  the DRIVE module are 
angular and/or radia l pos i t ion ,  v e l o c i t y ,  a c c e le ra t io n ,  to rque or fo r c e  
generated, and power consumption vectors. The output parameter are in pre­
se le c ted  t ime steps.  The DRIVE module can work e i t h e r  in  open or c losed  
loop. A computer f lowchart  fo r  th is  module is  shown in Figure 5.4.
5.2 .3 . The Jo in t  module.
The JOINT module consists of a l i b r a r y  of subroutine, which are the 
working a lg o r i th m s  of  a r e v o lu t e ,  p r is m a t ic  and c y l i n d r i c a l  j o i n t s .  The 
JOINT modules c o n v e r t s  th e  o u tp u t  da ta  f rom DRIVE module i n t o
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transformation matrices which are fed in to  the LINK module. The input data 
a lso  in c lu d e  c h a r a c t e r i s t i c s  data from INITIAL s p e c i f y in g  the j o i n t  
configurat ion and angular displacement constra ints. In Figure 5.5 is  shown 
a computer f lowchart  fo r  th is  module.
5.2 .4 . The Link module.
The LINK module i s  a ser ies  o f  c a l l  t o  k inem at ic  and dynamic 
modules fo r  an axis system and the end - e f fec to r  ( too l  P ) axis system. 
A LINK is characterized by the data suppl ied by the INITIAL and operated by 
the data suppl ied by the JOINT, the previous LINK and the too l  performance 
demand. The output data from th is  module include l in e a r  pos i t ion ,  v e lo c i t y ,  
a c c e le r a t io n ,  to rque ,  power consumption, end fo r c e ,  l i n e a r  and an gu la r  
momentum vectors. An i l l u s t r a t i o n  of the c a l l  routines invo lved  in th is  
module is  shown in Figure 5.6 which is  a computer f lowchart  f o r  the module.
5.2.5 . The Inverse Kinematic module.
The INVERSE KINEMATIC ( INVKIN ) module s o lv e s  the  in v e rs e  
kinematic problem of a given manipulator. Given the values of l i n e a r  and 
o r ie n t a t i o n  p o s i t i o n ,  v e l o c i t y ,  a c c e le ra t io n  vec to rs  and the  phys ica l  
parameter of the manipulator, the module ca lcu la tes the angular pos i t ion ,  
v e lo c i t y ,  acce lera t ion and torque of each j o i n t  of the manipulator. This 
module is  therefore used fo r  the backward simulat ion of in d u s t r ia l  robots 
and the c a l l  routines of th is  module is  presented in Figure 5.7 which shows 
the computer f l o w c h a r t  f o r  the module. The in ve rse  k inem at ic  module has 
been developed f o r  the Asea IRb6 robot and o the r  robots  w i th  s i m i l a r  
configurat ions. The inverse kinematic so lu t ion  of other robots which have 
d i f fe re n t  configurat ion can be determined with the supply of an external
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subroutine th a t conta ins the s o lu t io n .
5.2 .6 . The Trajectory Planning module.
The TRAJECTORY ( TRAJET ) module con s is ts  of a s t r a i g h t  l i n e  path 
and a spherical path subroutines. The input data are the i n i t i a l  and f i n a l  
p o s i t io n  vec to rs ,  the type o f  t r a j e c t o r y  requ i red  and the  number of 
d iv is ion  required on the t ra je c to ry .  The number of d iv is io n  is  subjected to 
the maximum number which the computer can handle . The ou tpu t  data i s  a 
des i red t r a j e c t o r y  between two g iven p o s i t io n s  which i s  w r i t t e n  i n t o  an 
external f i l e  and serves as the input fo r  the inverse kinematic module. The 
module can be l inked d i r e c t l y  with the inverse kinematic module forming a 
s in g le  module, thereby the inp u t  data w i l l  be t h a t  f o r  the  in v e rs e  
kinematic whi le  the output data is  tha t  fo r  the t ra je c to ry  planning module. 
The computer f l o w c h a r t  f o r  t h i s  module i s  shown in  F igure  5.8. Other 
t r a j e c t o r i e s  can be fo rm u la ted  w i th  the combined use of  the  two g iven 
paths.
5.2 .7 . The Result module.
The RESULT module compi les the output  data from a l l  the  above 
mentioned modules and sets them i n t o  a m a t r ix  form as an in p u t  f o r  
geometric model!ing and graph p lo t t i n g  modules. The re s u l t  matr ix  inc lude
( i )  The o r ie n t a t i o n  m a t r ix  con ta in in g  the o r i e n t a t i o n  v e c to r ,  the 
o r ienta t ion  v e lo c i t y  vector and the or ien ta t ion  acce lera t ion vector.
( i i )  The angular motion matr ix which comprise the angular displacement 
ve c to r ,  the angu la r  v e l o c i t y  vec to r  and the an g u la r  a c c e le r a t i o n  
vector.
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( i i i )  The l ine a r  motion matrix consist ing of the l i n e a r  displacement 
vector, the l inea r  ve loc i ty  vector and the l inea r  accelerat ion vector.
( iv )  The l inea r  momentum vector.
(v) The force vector.
(v i )  The angular momentum vector.
( v i i )  The torque vector.
( v i i i )  The actuator supply current or the volumetric f low rate vector. 
The above resu l ts  are given fo r  each of the robot axis systems.
5 .2 .8 . The Graph Plotting module.
The GRAPH module ( GRAPOT ) p l o t s  the r e s u l t s  o f  the  s im u la t io n  
program as the USER s p e c i f i e s .  The r e s u l t s  can be p l o t t e d  ag a ins t  t im e ,  
angular displacement or any given data speci f ied by the USER. I t  can also 
send the graphs p lo t ted  fo r  spool ing on the Un ivers i ty  Calcomp p lo t t e r .  For 
p resen ta t ion  purposes, the graphs are l i m i t e d  to  two per page but each 
graph have three p lo ts  which are the resu l ts  fo r  the X, Y and Z axes.
5 .2 .9 . The Geometric modelling module.
The GEOMETRIC module ( GEOMOO ) represents  a j o i n t  by a sphere and a 
l i n k  by a uniform rectangular block. The l im i t a t i o n  imposed on t h i s  module 
are the constraints encounter on the computer using the GINO SURF. At each 
chosen in te rva l  of t ime, the module draws the robot and pos i t ion  each j o i n t  
according to  t h e i r  angular displacements. The module can be asked to  erase 
the previous robot posit ion before the next one is  drawn or i t  can be asked 
to  draw on top of the la s t  robot posi t ion thereby g iv ing  a simulated robot
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motion as shown in Figure 5.9. Although the geometrical representat ion of 
the robot s a t i s f y  the immediate needs, i t  i s  proposed to  use a b e t te r  
modell ing package in the near fu ture.
5.3. The Forward Simulation Program.
A forward simulat ion invo lves  the determination of the robot l in e a r  
p o s i t i o n ,  v e l o c i t y ,  a c c e le ra t io n  and end - e f f e c t o r  fo rc e  g i v i n g  the 
angu la r  parameters o f  motion f o r  each j o i n t .  This e f f e c t  can be achieved 
e i t h e r  by in p u t in g  the des i red  motions at the j o i n t s  or using the 
c o n t ro l le r  as the d r iv in g  module.
For ser ia l  robots such as the Asea IRb6 , the c a l l  routines are shown 
on the f lowchart presented in Figure 5.10 which is  a s im p l i f i e d  version of 
the RADSP. The forward s im u la t io n  program f o r  s e r i a l  robots  has been 
wr i t ten  fo r  a ten l i n k  robot with the hope that  no one w i l l  require a robot 
with more than ten l in ks .  The i n i t i a t i n g  data fo r  the program is  coded in to  
the program via the i n i t i a l  and the program loads i t s e l f  up as s t ipu la ted  
by the USER. Depending on the wishes of the USER, the programs can p lo t  the 
calcu la ted resu l ts  and show the th ree  dimensional re p re s e n ta t io n  o f  the 
robot in t ime increment steps.  A USERS' GUIDE f o r  t h i s  program i s  a ls o  
presented in  the Appendix B. The modules communicate v ia  common b locks  
thereby s im p l i fy ing  t h e i r  use.
5.4. The Backward Simulat ion Program.
A backward s im u la t io n  i n v o lv e s  g i v i n g  a robot  a s p e c i f i c  task  and 
monitoring the j o i n t  performance required to achieve the task. The backward 
s im u la t io n  program has been w r i t t e n  f o r  robots  which has the same 
c o n f ig u ra t io n  as the Asea IRb6 . This type of  robot  c o n f i g u r a t i o n  i s  not
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l im i ted  to  only a few robots, but i t  is  a configurat ion shared by about 80% 
of the to ta l  population of horizontal axes ser ia l  robots.
The c a l l  routines are s im i la r  to  the forward simulat ion program except 
t h a t  the inve rs e  k inemat ic  and t r a j e c t o r y  p lann ing  modules are c a l l e d  
before the DRIVE, JOINT and LINK modules whi le  the INITIAL modules s t i l l  
remai n the f  i r s t  cal 1 i n the program. The INITIAL modul es are ca l  1 ed to  
characterize the robot, and the t ra jec to ry  planning; the inverse kinematic 
modules to  r e s o lv e  the j o i n t s  angu la r  d isp lacements ,  v e l o c i t i e s ,  
a c c e le ra t io n s  and torques.  This process i s  then fo l l o w e d  by the  fo rward  
simulat ion of the robot to  check the resu l ts  of the backward s imula t ion and 
to  generate the in ve rse  dynamics. The c a l l  ro u t ine s  f o r  the  backward 
simulat ion are shown on the f lowchart  presented in Figure 5.11.
5.5. The USERS' I n t e r f a c e .
The development of a USERS1 in te r face requires a great deal of thought 
on how a USER cou ld  use the program and what f a c i l i t i e s  need to  be 
prov ided.  I f  the i n t e r f a c e  chosen is  preprogrammed, i t  w i l l  put a 
l i m i t a t i o n  on what the USER cou ld  do w i th  the  program as i t  i s  the case 
w i th  the fo rward s im u la t io n  of  s e r ia l  robo ts .  To avo id  p la c in g  any 
c o n s t ra in t  on the program, a computer module has been deve loped f o r  
experienced USERS of the RADSP which consists of the robot DRIVE, JOINT and 
LINK modules. The module is  named ARMSYSTEM ( ARMSYS ). Th is  module can 
then be used by the USER to  s im u la te  any des i red ro bo t .  In o rde r  t o  
f a c i l i t a t e  ease of  use, a program l i s t i n g  o f  each module i s  p ro v id e d  in  
Appendix B. The program l i s t i n g s  are s im i la r  to  those provided by the NAG 
l i b r a r y .  With t h i s  op t io n ,  the USER can w r i t e  h is  own program to  
communicate with the RADSP and at the same time provide the USER w i th  other
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RADSP f a c i l i t i e s  such as geometric modell ing and graph p lo t t i n g .
5.6. Discussion.
The a lg o r i th m s  generated in  Chapters 3 and 4 have been w r i t t e n  in  
FORTRAN 77 to  represent  the robot DRIVE, JOINT and LINK modules. Modules 
have a lso  been generated f o r  the inve rse  k inemat ic  ( INVKIN ) and 
t r a j e c t o r y  p lann ing  modules. With the use of the r e s u l t s  o f  the  in v e rs e  
k inem at ic ,  the s im u la t io n  program is  run in  the forward s im u la t io n  to  
produce the inverse dynamics. An arm system module have been generated from 
the DRIVE, JOINT and LINK modules fo r  the simulat ion of non se r ia l  robots 
such as p la tform robots.
In order t o  simp! i f y  the generated forward simul a t i  on program f o r  a 
maximum o f  ten l i n k  ro bo t ,  modules have been generated to  represen t  the 
robot i n d i v i d u a l  d r i v e ,  j o i n t  and l i n k  such t h a t  the re  are modules f o r  
l i n k l  to  l i n k l O ,  d r i v e l  to  d r i v e lO ,  j o i n t l  to  j o i n t l O  and i n i t i a l  1 to  
i n i t i a l  10. The forward simulat ion program is  shown in Figure 5.10 and the 
program modules communicate v ia  common blocks thereby e l i m i n a t i n g  any 
possible e r ro r  by the USER.
The backward simulat ion is  s im i la r  to  the forward simulat ion except 
t h a t  a f t e r  the c a l l s  t o  the i n i t i a l  modules, the next c a l l s  are t o  the 
t ra jec to ry  planning and the inverse kinematic modules respec t ive ly .  These 
c a l l s  are then fo l lowed by the c a l l s  to  the d r ive ,  j o i n t  and l i n k  modules 
respect ive ly  u n t i l  the desired robot st ructure is  represented. The end - 
e f fec to r  l in e a r  motion parameters are fed in to  the simulat ion program via 
an external f i l e  and the communications between the modules are s t i l l  v ia  
common blocks. On both the forward and backward simulat ions, the la s t  c a l l s  
are the resu 1 1  modu1 es, geometric model l i n g  and graph p 1 o t t i n g  modu1 es
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respect i  v e l y .  The cal  1 ro u t i  nes f o r  the backward simul a t i  on i s  shown in  
Figure 5.11.
To avoid p lacing constraints on the use of the simulat ion program, the 
arm system module is  developed to be used by experienced USERS of the RADSP 
and th is  module can be used in conjunction wi th other subroutines w r i t ten  
by the USER thereby g iv ing f l e x i b i l i t y  in i t s  use. To achieve th i s  aim, the 
module is  presented l i k e  a normal subroutine and a USERS' GUIDE is  provided 
in  Appendix B which g ives  g u id e l in e s  on i t s  use. On the USERS' GUIDE,
examp 1 es o f  the use of each modul e are g iven and the def i n i t i  on o f  each
argument of each module are also given. The modules are therefore presented 
fo r  use l i k e  the NAG routines.
In the next Chapter, example of the simulat ion program is  given when
the program is  used f o r  the s im u la t io n  of the Asea IRb6 ro bo t .  The 
simulat ion exercise is  the va l ida t ion  of the RADSP fo r  a three l i n k  robot.
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Fig. 5-7: The flowchart of the INVERSE KINEMATICS module.
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Fig. 5-8: The flowchart of the TRAJECTORY PLANNING module.
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Fig. 5-9: A simulated motion of  a 4 l i n k  ser ia l  robot using
the geometrical module.
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CHAPTER SIX.
THE ASEA IRb6  ROBOT.
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6 . THE ASEA IRb6 ROBOT.
6.1 . In t roduct ion .
The Asea IRb6 robot i s  one of the most common robots employed in  
B r i t i s h  Industry fo r  a l o t  of manufacturing appl icat ions. Also, the robot 
possesses some d is t in c t i v e  character is t ics  which are of in te res t  fo r  robot 
dynamic research and these inc lude  the l inkag e  d r iv e  and the harmonic 
dr ive. A f te r  the development of RADSP, the computer s imulat ion of the Asea 
IRb6 robot was undertaken w i th  the approval of  ASEA ROBOTICS Sweden who 
supplied the robot technical data presented in Appendix C. Figure 6.1 shows 
the schematic diagram w h i le  F igure 6.2 shows a drawing of the Asea IRb6 , 
and the robot physical data is  given in Table 6.1.
In th is  Chapter, the kinematic and dynamic equations of the Asea IRb6  
robot are presented to  i l l u s t r a t e  the use of the freebody method and w i th  
the use of these equat ions,  the inverse  k in e m a t ic  and inverse  dynamic 
equations are generated. Therefore, th is  chapter presents the kinematic and 
dynamic equat ions requ i red  f o r  the v a l i d a t i o n  o f  the Robot Arm Dynamic 
Simulat ion Package on the Asea IRb6 robot which is  presented in the next 
chapter.
6.2 . The kinematic equations.
For a 5 l i n k  ser ia l  Asea IRb6 robot shown in Figure 6.1, each l i n k  has 
one ro ta t ional  degree of freedom. The kinematic equations fo r  th is  robot 
are w r i t ten  as fo l lows using the generalized kinematic equations of Chapter 
2 and the robot data given in Table 6.1.
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The angular displacement vectors are as fo llo w s :
l  0 „  > { o, 0 , 0  >p p / p  p/p
{ 8 1 ) x / l  { 0 , ey p  0  )
{ 9 2 } 2/2 = 1 9x 2 ’ ° ’ 0 1 2/2
{ 8 3 ) 3 / 3  1 *x 3 ’  0  } 3 / 3
{ 9 4  > 4 / 4  { 9X 4 . 0 . 0 > 4 / 4
{ 9 5 1 5/5 { ° ’ ° ’ 9z 5 } 5/5
( 6.1 )
( 6.2 )
( 6.3 )
( 6.4 )
( 6.5 )
( 6.6 )
Since there are no radial motions, a l l  i n i t i a l  displacement vectors 
are those due only to  the l inks  length.
{ R op,l } 1/1 = 1 ° ’ 1 1 ’ 0 } 1/1
( 6 . 7  )
T
{ R ol,2 } 2/2 " { ° ’ 1 2 ’ 0 1 2/2
{ R o2,3 } 3/3 '  { 0> 1 3’ 0  1 3/3
( 6.8 )
T
{ R o3,4  1 4 /4  = { 0,  1 4 , 0 } 4 /4
( 6.9 )
T
{ R o4,5 } 5 /5  { 0,  1 5 , 0 ) 5 /5
( 6.10 )
T
( 6.11 )
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The l in e a r  p o s it io n  vectors are:
{ R i > i , i = [  L ] - { R , > . p , l  1 / 1  p l  o p , l  1 / 1
( 6.12 )
{ R p,2 1 2/2 C L t ] 2 { ' { R ol>2 1 2/2 + { R p>1 ) ^  )
( 6.13 )
{ R p,3 1 3/3 ^ L 2 3 1 1 R } 1o2,3 J 3/3 ' " p,2 J 2/2
( 6.14 )
{ R p,4 1 4/4 . L 3 ] 4 1 1 R ) }o3,4 ‘ 4/4 1 p,3 ' 3 / 3
( 6.15 )
1 R p,5 1 5/5 ^ L 4 ^ 5 1 { R } + { R _ » } >o4,5 J 5/5 ‘ 1 " p,4 ' 4/4
( 6.16 )
O r ie n ta t io n  vecto rs are der ived as s ta ted  in Chapter 2 but the  
preference of choosing a sui table equivalent matr ix  is  exercised, tha t  is  
ins tead  of  [  L ( v , 0 , a ) ]  another order  of  r o t a t i o n  [  L ( y  , ap p p p
p» B p ) ]  i s  chosen. This m a t r ix  combinat ion s i m p l i f i e s  the inve rse  
kinematic problem by al lowing a d i rec t  vector ia l  addit ion of j o i n t  angles. 
Us ing th e  g e n e r a l i z e d  e q u a t io n s  f o r  th e  o r i e n t a t i o n  v e c to rs ,  the 
o r ien ta t ion  vectors of the Asea IRb6 robot are generated as fo l lows.
L i-l ■* i ^ L i-2 ^ i-1
[  L i _ 2 ]  i  a [  L i - l ’ “ i - l ’ 6 i-l ] i
e 1,1 e 1,2 8 1,3
e 2,1 8 2,2 8 2,3
8 3,1 e 3,2 8 3,3
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C Y C 3 + S <* S 3 S Y C a S Y
CyS«SB -  S y C 3 C yC a 
c a S 3 - S a
S Y S a  C 3 - S 3 C a  
C 3 C Y S a + S y S B  
C a C 3
( 6.17 )
Where C y = Cos y and S y Sin y
and 'e‘ i s  an element of [  L . _ 2  ]
Therefore
a i - l
i - l
T i - l
-  Sin ( e
Tan
Tan
The orientation vectors are:
{ s 1 n/ i  p 1/1
3,2
-1 / 3,1
3,3
-1 /  e 1,2
2 ,2
{ 0 , 0 - ,  0 > 
y l
( 6.18 )
( 6.19 )
( 6.20 )
( 6.21 )
I ®x 2’ Sy 1* 0 1
( 6.22 )
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r{ ft }. 0 / 0  p 3/3
°x  3 + 9x 2
y i
r
■
0 . + 0  0 + 0  0 x 4 x 3 x 2
y i
 ^ } c/cP 5/5
0 . + 0 0 + 0 0 x 4 x 3 x 2
y 1
V_
z 5
The angular ve loc i ty  vectors are:
{ u } . = { 0 , 0 , 0  > ' ,p p / p  P/P
{ u i  1 i / i  -  { 0, uy 0 } l / 1
( 6.23 )
( 6.24 )
( 6.25 )
( 6.26 )
( 6.27 )
{ to 2 } 2/2 ~ { U X 2’ ° ’ 0  } 2/2
{ 3 }  3/3 { “ x 3’ °» 0 } 3/3
{ 4  } 4 / 4  ~ { ux 4’ ° ’ 0  1 4/4
{ u 5 } 5/5 "  { °> °> uz 5 } 2 / 2
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The l in e a r  v e lo c ity  vectors are:
{ R p.i } 1/1 = c u i ] 1/1 { R p ,i } i/i
{ R p,2 } 2/2 = [  “ 2 1 2/2 ’ *  P,1 } 2/2
+ [ L 1 ] 2 1 R p,l 1 1/1
= C o 2 ]  2 / 2  ( R p j 2  > 2 / 2  +
[  u 3 ]  3/3 < R P j 3  1 3 / 3  +
t ° 4 ^ 4/4 { R p,4 } 4/4 +
{ R p,5 } 5/5 = C u 5 ] 5/5 1 R p.5 } 5/5 +
The or ien ta t ion  ve loc i ty  vectors are:
{ Q p } i / i  = { o i  } i / i
{ 0 , o 0  1 T
{ a p 1 2/2 = { “ 2 }- 2/2 + { u 1 1 1/1
= 1 “ x 2’ “y 1’ 0 1
A. E. Somoye
( R p,3 1 3/3 
{ R p,4 1 4/4
( 6.32 )
{ R •. l . o / o  p , l  2 / 2
( 6.33 )
•
{ R p,2 } 3/3
( 6.34 )
•
{ R p,3 1 4/4
( 6.35 )
{ R p.4 } 5/5
( 6.36 )
( 6.37 )
( 6.38 )
December 1985.
{ n p } 3/3 " { u 3 } 3/3 + { u 2 } 2/2 + { u 1 } 1/1
*\
u x 3 + “ x 2
j
( 6.39 )
{ a p } 4 / 4  " { “  4 } 4 / 4  + 1 "  3 1 3 / 3  + 1 “ 2 } 2 / 2
+ { u x 1 X/1
~\(0 / i + ( 0 o + ( 0 ox 4 x 3 x 2
y 1
J
( 6.40 )
{ £ 2  } r / r  "C CO } r-/i~ ^ ^  /I 1 /1//1 1 k) ^ } q /Qp 5/5 5 5/5 4 4/4 3 3/3
+ { <o 2 > 2 / 2  + { u 1 } l / l
^ u  „ + 1 0  0 + (0x 4 x 3 x 2
u z 5 J
( 6.41 )
The angular accelerat ion vectors are:
{ (o i  } i / i  { 0 , U y  1# 0  } l j l
A. E. Somoye
( 6.42 )
December 1985.
T
{ u 2 > 2 / 2  = { u x 2 ’ ° ’ 0 1 2 /2
T
{ u 3 } 3/3 = { ux 3’ 0> ° 1 3/3
• T
{ u 5 } 5/5 = { ° ’ °* “ z 5 } 5/5
The l inea r  accelerat ion vectors are:
{ R p , i  } i / i  [  u P ]  i / i  { R p , i  } i / i  
+ ^ u p -1 i / i {R p , i } i / i
{ R p , 2  > 2 / 2  "  C “  !   ^ 2 / 2  t R P s 2 } 2 / 2
+ [ L x ] 2 { R p > i } i/i
+ [  u !  ]  2 / 2 { { R p >2 >. 2 / 2  + { R p , l  }
{ R p,3 } 3/3 *• u 2 3/3 { R p,3 } 3/3
+ [ L 2  1 3 < R p >2 > 2 / 2
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( 6.43 )
( 6.44 )
( 6.45 )
( 6.46 )
( 6.47 )
2/ 2  } 
6.48 )
1985 .
+ ^ u 2 •* 3 /3  { { R p,3 1 3 /3  + { R p,2
{ R p > 4  > 4/4 u 3 ^ 4/4 { R p,4 } 4/4
+ C L 3 ]  4  { R p 3  } 3 / 3
+ [ o 3 1 4 / 4  ( { R p > 4  ) 4 / 4  + t R P j 3  :
{ R p,5 } 5/5 u 4 ]  5/5 { R p,5 } 5/5
+ [  L 4 ]  5 1 R p,4 } 4/4
+  ^ u 4 ]  5/5 { { R p,5 } 5/5 + { R p,4 1
The or ienta t ion  acceleration vectors are:
{ Q p } i / i  = ( u !  > 1 / 1
= t ^  Uy J} 0  } ^
{ « p > 2/2 { u 2 } 2/2 + { u 1 } 1/1
T•  •
{ ux 2 > “ y 1 » 0  }
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} 3 /3  1
( 6.49 )
1 4 /4  }
( 6.50 )
' 5/5 }
( 6.51 )
6.52 )
6.53 )
1985.
{ a }
P 3 / 3
_ { u > { u }
3 3/3 2 2 / 2
{ u >
1 1/1
r
A
x 3 x 2
y i
( 6.54 )
{ n } _ { u > +
p 4 / 4  4 4 / 4
{ u > +
3 3 / 3
{ u }
2 2/2
, { u >_
+  1 *  1/1
r .
OJ 4. w 4-
x 4 x 3 x 2
.
y 1
y
( 6.55 )
p 5 / 5  5 5 / 5  4 4 / 4  3 3 / 3
+ { “ } + { “ , } , ,,
2 2/2 1 1/1
r u
x 4 x 3 x 2
y 1
z 5
j ( 6 .5 6  )
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6 .3 . The inverse k inem atics .
In pract ice, the posi t ion and or ien ta t ion  vectors of tool P axis frame 
system is  given to f ind  the j o i n t s ’ angular displacements. The solu t ion to 
t h i s  problem has been approached by authors [  5 -  8 , 11, 16, 19, 22, 27 - 
29 ] using d i f f e r e n t  methods of  s o lu t i o n .  The problem s t i l l  requ i res  a 
unique general solut ion fo r  a l l  possible robot configurat ions.  To achieve 
th is  aim i t  is  required to generate the inverse kinematic equations wi th  
the a id  o f  a computer. Another a l t e r n a t i v e  i s  to  generate the inve rse  
kinematic solut ion algori thm manually fo r  a given robot configurat ion and 
subsequently generate a computer model t o  so lve the inve rse  k in e m a t ic  
problem. An example o f  t h i s  method is  the genera t ion  of  Asea IRb6 robot 
inverse kinematic solut ion and computer module.
The posit ion and or ienta t ion vectors of tool P axis system are known 
about a global axis system. Since the posi t ion and o r ien ta t ion  vectors of 
the robot base about g lobal  ax is  system is  cons tan t ,  the p o s i t i o n  and 
o r i e n t a t i o n  vectors of to o l  P ax is  system about the robot  base can be 
ca lc u la te d .  Given these values i t  i s  po ss ib le  to  work backwards to
calculate the robot j o in t s '  angular displacement as fo l lows.
{ R p,G } G/G = t  L 5 ]  G 1 { R o5,G 1 G/G + { R p,5 } 5/5 }
( 6.57 )
1 R p ,5 1 5/5 = *■ L 5 1 G ( ( R p,G } G/G + { R 5,G 1 G/G >
( 6.58 )
 ^ ^ p  ^ 5  ^ R op,l  * 1/1 + * R 1,5 * 5/5
( 6.59 )
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Where [  L ]
P 5
' - L 4 - * 5 ' - L 3 - ' 4 ' - L 2 - ' 3 ^ L l - * 2 ^ L p - ' l
 ^ L  ^ ®z 5 ’ 9x 4 ’ 9x 3 * ex 2 ’ 9j  1 * 1 6
[ L ( ’' p ’ a p ’ { p 1 ] 5
( 6.61 )
( 6.62 )
Since
{ p } 5/5 = <
( 6.63 )
( 6.64 )
r
9x 4 + ex 3 + ex 2
ey  1
z 5
( 6.65 )
From equation 6.65, ez and  ^ are determined. I t  is  there fore  possible 
to  w r i te  the posi t ion vector of frame ab0L,t f rame ° 4 »x4 >y4 > z 4
as fo l lows.
1 R 1,5 } 5/5 = { R p,5 1 5/5 " [ L y p ’ “ p ’ ' p ] 5 l  R op , l  } 1/1
( 6.66 )
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-  C L y 5> ( 9 x 4  + 9 X 3 + e x 2 ), 0 ] { R  o l j 2  } 2 / 2  + { R 2 > 5  > 5 / 5
( 6.67 )
 ^ L Y 5 ]  5 ( t  L ( ex 4  + ex 3 + e x 2 ) ]  4 { R o l j 2  } 2 / 2
+ < R 2 , 4  } 4/4 + { R o4,5 } 5/5 }
( 6.68 )
1 R 2,4 1 4/4 = *- L 4 ]  5 { R 1,5 } 5/5 '  { R o4,5 } 5/5
C L ( ex 4  + ex 3 + e x 2 ) ]  4  { R o l > 2  } 2 / 2
( 6.69 )
F igure 6.2 shows a schematic diagram i l l u s t r a t i n g  t h i s  method. Using 
t r igonometr ic  formulae the angles are calculated as fo l lows.
= tano
r = ✓ ( y 2  + z2  )
1 2 - 1 2  + r  2. .  Cos- l # 4 I j — r i
1 '  2  1 4 r
, 1 2 -  1 2  + r 2 .  - 1  3 4 2
2 = Cos ~ ■■
( 6.70 )
( 6.71 )
( 6.72 )
2  1 3 p
( 6.73 )
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I t  necessary to  generate a computer l o g i c  s tatement t o  s e le c t  the
c o r re c t  values of 0 A and 9 ~ based on the values of y and z.
X * X o
Using the cal cul ated angul ar d isp lacement values o f  the  j o i n t s ,  the 
l inea r  displacement vectors are calculated and w i th  the given values of 
the or ien ta t ion  ve loc i ty  vector of the end -  e f fec to r ,  the angular ve loc i ty  
vec to rs  of  the robot j o i n t s  are der ived .  The values of  [  u ^ and [  <o
p  ^ 1 / 1  are eas^ y  der ived from the given o r i e n t a t i o n  v e l o c i t y  v e c to r  as 
shown in  equat ion 6.65, thereby a l lo w in g  the d e r i v a t i o n  o f  the  l i n e a r  
ve loc i ty  vector of axis system 3 about axis system 4. Combining equations
6.32 to 6.36 gives the fo l low ing  equations.
£ L 4  5 { R 4 } 5/5 " £ u 4 ^ 5/5 { R 4 } 5/5 { R 3 }- 4/4
( 6.77 )
{ R 3  } 4 / 4  “   ^ o 3 ]  4 / 4  1 R 3 } 4 / 4
+ u 2  ^ 3/3 L 3 ^ 4 { R 2 } 3/3
+ t u i ^ 2 / 2 * - L 3 ^ 4 ^ L 2 ^ 3 { R l } 2/2
+ t L 3 -1 4 {- L 2 -1 3 l- L 1 ^ 2 { R p } l / l
( 6.78 )
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Let
{ R 3 } 4/ 4 "  t L 3 ^ 4 ^ L 2 ^ 3 ^ L 1 ^ 2 { R P } l / l
G
f  o
- A  to
r
x 3 > + < _C “ x 2 >
J ox 3 D (ox 2
J
where
H  =  - A  to 0 - C c o 0 - E u -x 3 x 2 x 1
Q  =  B  to 0 +  D  to 0 +  F to .x x 3 x 2 x 1
I  - E u x l
F ux 1 . V- J
( 6.79 )
( 6.80 )
( 6.81 )
and from the or ien ta t ion  ve loc i ty  vector given in equation 6.41, l e t
T = (0 o + ( 0 _ + ( 0 1x 3 x 2 x 1
( 6.82 )
Solving the simultaneous equations 6.80 to 6.82, the angular ve lo c i t ie s  of 
the Joints 1,2 and 3 are given as fo l lows.
( B H  +  A  Q  ) ( B  - 0  ) - ( T B  - P  ) ( D  A  - C  B  )
( B - D )  ( F A - B E )  - ( D A - C B )  ( B - F  )
=  (0
X 1
( 6.83 )
( T B  - Q )  - ( B - F ) < o , x 1
( B - D ) x 2
( 6.84 )
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T  "" CO r~\ "  (J i  ( a ) , 0x 2 x 1 x 3
( 6.85 )
Using the ca lc u la te d  angular v e l o c i t y  vec to rs  to  generate the l i n e a r  
v e l o c i t y  vecto rs  and given the o r i e n t a t i o n  a c c e le ra t io n  ve c to rs ,  the 
angular accelerat ion vectors can be obtained from the l inea r  accelerat ion 
vectors by working backward. The l inea r  accelerat ion vector equations 6.47 
to 6.51 can be rewr i t ten  to give the fo l lo w in g  equations.
( R 3 } 4 / 4  = C L 4   ^5 { { R 4  > 5 / 5
•  - •
'  *■ u 4 -1 5/5 { R 4 } 5/5 "  ^ u 4 -1 5/5 1 R 4 } 5/5
*- u 4  ^5/5 ^ 1 4  ^5 { R 3 } 4/4 }
( 6.86 )
{ R 3 > 4 / 4  ^ to 3 ]  4 / 4  { R  3 } 4 / 4  - C u  3 ] { R  2  } 4 / 4
•  •
^ u 2 ^ 3/3 { R 2 } 4/4 “   ^ u 2  ^ 3/3 { R 1 } 4/4
•  •
C u 1 ]  2 / 2 { R 1 J 4 / 4  -  t  u 1 1 2 / 2  { R P * 4/4
- < R  p J 4 / 4
( 6.87 )
+  C “  1 3 2 / 2  t *  1  > . 4 / 4
( 6.88 )
Let
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^  0 ^
< ■* "x 3 
•
^ u x 3 
V. X 6 J
- {
r
-C to
D to
x 2
x 2
n
+ <( ‘ E ux 1 (
F □
v. x l .
( 6.89 )
and
H -  -A ux 3 C (Jx 2 - E aX 1
( 6.90 )
Q ' B u x 3 + D “ x 2 + F “ x l
( 6.91 )
and from the o r ien ta t ion  acceleration vector given in equation 6.65, l e t
•  •  •
T = ux 3 *  “ x Z  *  “ x l
( 6.92 )
The solut ion of the simultaneous equations 6.90 to  6.92 gives the angular 
accelerat ions of the Jo in ts  1,2 and 3 which are derived as fo l lows .
( B H + A Q ) ( B -  0 ) -  ( T B  -  P ) ( D A  -  C B )
( 8 - D  ) ( F A - B E  ) ( D A - C B ) ( B - F ) Jx 1 
( 6.93 )
( T B - Q ) ( B - F ) ox 1
( B -  D )
CO Ax 2
( 6.94 )
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6 .4 . The dynamic equations.
The dynamic equations of the Asea IRb6 robot  are given as f o l l o w s  
using the genera l ized  dynamic equat ions given in  Chapter 2. The robot  i s  
modelled as a lumped mass system as shown in  F igure  6.1. F igure  6.1 i s  the 
robot data supplied by ASEA ROBOTICS Sweden fo r  the Asea IRb6 robot.
The 1inear momentum vectors are given as fo l lows.
{ G X } 1/1 M T( l ) { R T ( l ) , l  } 1 / 1  + { G p } 1/1
{ G 2 } 2/2 "  M T(2) { R T(2),2 } 2/2
+ M B(2) { R B(2),2 1 2/2 + { G 1 } 2/2
{ G 3 } 3/3 " M T(3) ( R T(3),3 } 3/3
+ ^ com(3) * R com(3),3 * 3/3
+ M B(3) { R B(3) ,3 } 3/3 + { G 2 } 3/3
< G 4  1 4 / 4  = M x(4) { R T(4),4 4 /4
+ ^ com(4)  ^ R com(4),4 } 4/4
( 6.96 )
( 6.97 )
( 6.98 )
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The fo rce  vectors are given as:
1 } 1 / 1  M T(1) { R T ( l ) , l  } 1/1
1 F 2 } 2 / 2  “  H T(2 ) { R T(2 ) , 2  } 2 / 2  + { F 1 } 2 / 2
{ F 3 } ‘ 3/3 = M T(3) { R T(3),3 } 3/3
+ ^ cora(3) * R com(3),3 * 3/3
+ M B(3) { R B(3),3 } 3/3 + { F 2 } 3/3
{ F 4 } 4/4 M T(4) 1 R T(4),4 I  4 /4
+ ^ com(4) F R com(4),4 F 4/4
+ M B(4) { R B(4),4 } ‘ 4/4 + 1 F 3 } 4/4 (
A. E. Somoye December
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( 6.102 )
( 6.103 )
[ 6.104 ) 
1985.
1 F 5 } 5/5 '  M T(5) { R T(5),5 1 5/5 + { F 4 } 5/5
( 6.105 )
The angular momentum vectors are given as:
{ H  i 1 i / i  = £ 1 1 i / i { u  i 1 i / i
{ H 2  } 2 / 2  [  ! 2  3 2 / 2  { u 2  1 2 / 2
( 6.106 )
+ £ R T(2),2 -1 2/2 { G T(2) } 2/2 + { H 1 } 2/2
( 6.107 )
{ H 3 } 3/3 = £ R com(3),3 -* 3/3 { G com(3) } 3/3
+ *■ R T(3),3 -1 3/3 { G T(3) } 3/3
+ £ R B(3),3 -* 3/3 { G B(3) } 3/3 + { H 2 1 3/3
( 6.108 )
{ H 4  1 4 / 4  = £ R com(4),4 ]  4/4 { G com(4) } 4/4
+ £ R T(4),4 ]  4/4 { G T(4) } 4/4
+ £ R B(4),4 ]  4/4 C G B(4) 1 4/4 + 1 H 3 } 4/4
( 6.109 )
{ H 5 } 5/5 “  £ 1 5 -1 5/5 5/5
+ £ R T(5),5 ]  5/5 { G T(5) } 5/5 + { H 4 } 5/5
( 6.110 )
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The torque vectors are given as:
{ H 1  } 1 / X  -  £ u !  ]  ! / !  £ 1 1 ]  1/1 { u 1 } 1/1
+ [ I i ] i/i t o i > i/i
+ £ R T ( l ) , l  -1 1/1 ( F 'T ( l )  1 1/1
1 H 2  1 2 / 2 £ “  2  ]  2 / 2  C 1 2  1  2 / 2  { “  2 1 2/2
+ £ 1 2  2/2 { “  2 } 2/2 + { H 1
{ H 3 } 3/3 = £ R com(3),3  ^ 3/3 { F com(3) } 3/3 
+ £ R T(3),3 ^  3/3 { F T(3) } 3/3
+ £ R B(3),3 -1 3/3 { F B(3) } 3/3 +
{ H 4 1 4/4 = [  R cora(4),4 ]  4/4 1 F com(4) ’  4 /4
+ £ R T(4),4 ]  4/4 { F T(4) 1 4/4
+ £ R B(4),4 ]  4/4 { F B(4) 1 1/4 +
{ H 5 } 5/5 £ u 5 -* 5/5 £ 1 5 ■* 5/5 { u 5 } 5/5
+ £ 1 5 -* 5/5 { u 5 } 5/5
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} 2/2
( 6.112 )
{ H 2 } 3/3
( 6.113 )
1 H 3 } 4/4
( 6.114 )
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+ £ R T(5),5 -1 5/5 { F T(5) 1 5/5 + { H 4 > 5/5
( 6.115 )
6 .5 . The inverse dynamics.
The inverse  dynamics is  achieved by f i r s t  s o lv in g  f o r  the inve rse  
kinematic and then running the program in the forward simulat ion to  achieve 
the required j o i n t  torques needed to dr ive the jo in t s .  I f  an appl ied force 
is  desired at the end - e f fec to r ,  the desired force values are fed in to  the 
s im u la t io n  program at the ap prop r ia te  t im es  to g e th e r  w i th  the requ i red  
t ra jec to ry  posi t ions. The desired force values provide the required end - 
e f f e c t o r  l i n e a r  a c c e le ra t io n  values which are used in  c a l c u la t i n g  the 
angular ve loc i t ies  and accelerations of the robot jo in t s .
6.6 . Discussion.
The derivat ion of the Asea IRb6 robot modular kinematics and dynamic 
equations has demonstrated the process involved in the use of the freebody 
method. The e x p l i c i t  kinematic and dynamic equations given in Appendix C 
become increasingly complex when a robot having more than three l inks  is 
under co n s id e ra t io n .  The d e r i v a t io n  of  the e x p l i c i t  equat ions has 
i l l u s t r a t e d  the advantage of using the modular vers ion  of  the  f reebody 
equations. The only disadvantage wi th  the modular equations is  tha t  they do 
not show other kinematic equations terms such as Cor io l is  and Centr i fugal 
accelerat ion terms of the end - e f fec to r  about a given axis system which 
may be misleading while the e x p l i c i t  equations include a l l  these terms.
The d i re c t  appl icat ion of the e x p l i c i t  equations f o r  the generation of
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the robot s im u la t io n  program is  a ted ious  and t im e  consuming task which 
w i l l  resu l t  in p a r t i c u la r  program modules. Whereas the appl icat ion of the 
modular equat ions f o r  the generation of  the s im u la t io n  program is  
r e la t i v e ly  easy resu l t ing  in the general program modules given in Chapter 
5.
The inverse kinematics had been solved using the method described in 
t h i s  chapter  and is  b e t t e r  than the numerica l  method which gives 
inconsistent  resul ts . The only drawback is  tha t  i t  is  a p a r t i c u la r  solut ion 
and the solut ions fo r  other robots with d i f fe re n t  configurat ions have to be 
generated manual ly ,  programmed and added to  the s im u la t io n  program as 
ex te rna l  f i l e s .  The method of  s o lu t io n  is  the  same f o r  any robot  
c o n f ig u r a t io n  but the equ iva len t  combination r o t a t i o n  m a t r i x  which 
s im p l i f ie s  the derivat ion of ind iv idual robot or ien ta t ion  vectors must be 
chosen w i th  care.
The inverse dynamics is  derived from the simulat ion program by running 
the simulat ion program in a forward simulat ion where the force required at 
the end - e f fec to r  provides the required l inea r  accelerat ion of the robot.
The k ine m a t ic  and dynamic equations de r ived  in  t h i s  chapter  are 
u t i l i z e d  f o r  the v a l i d a t i o n  of the Robot Arm Dynamic S im u la t io n  Package 
carr ied out on the Asea IRb6 robot. The va l ida t ion  excercise is  presented 
in the next chapter.
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Fig. 6-2: A drawing of the Asea IRb6 robot.
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F ig . 6 -3 : A schematic sketch o f the  inve rse  kinem atics o f
the Asea IRb6 ro b o t.
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Table 6-1: The physical data of the Asea IRb6 robot.
MASS LENGTH WORKING RANGE
(  Kg ) (  metre ) (  Degree )
m
CO•
COIICM i  1 + r 2 =  o . 2 - 1 8 0  <  9 y  1  
-90 <  ex 2 <
< +180 
+90
m 3 = 5 * 1 1 ,  =  0.67 
1 3 0  =  0.265
- 15  < 9 x 3 <
+40
m II CT> • CT\ 1 4  =  0.45 
1 4Q =  0.225
1 . = 0.255
b
-40 <  e x  4  < +40
m 5 =  6 8 . 0 1 _ =  0.70 5
R =  0.12 
0
-170  < Q  c <  z 5 +170
m =  6
m a = 2 ‘ 2
m
b = 1 4 ‘ °
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CHAPTER SEVEN.
VALIDATION OF THE ROBOT ARM DYNAMIC SIMULATION PACKAGE.
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7. THE VALIDATION OF THE ROBOT ARM DYNAMIC SIMULATION PACKAGE.
7.1.  In t roduct ion .
The Robot Arm Dynamic Simulat ion Package (RADSP) has been designed fo r  
the assessment of the kinematic and dynamic responses of indus t r ia l  robots. 
Therefore, the s imulat ion program has to be val idated fo r  the kinematic and 
dynamic responses of the Asea IRb6 , which is  shown in Figure 6.1. The robot 
has f i v e  axes and fo u r  l i n k s .  Each l i n k  has one r o t a t i o n a l  degree of 
freedom except the end - e f f e c t o r  which has two r o t a t i o n a l  degrees of 
freedom. The robot properties are given in Table 6.1.
The robot kinematic response va l ida t ion  requires the use of a device [  
82 & 83 ]  which can moni tor  the end - e f f e c t o r  l i n e a r  and o r i e n t a t i o n  
motion parameters and, given the angular motion parameters of the robot, 
the s im u la t io n  program can work out the expected 1 in e a r  and o r i e n t a t i o n  
motion parameters. The measured and calculated motion parameters can then 
be compared to  evaluate the degree of accuracy of the simulat ion program. 
Devices which can monitor the end - e f fec to r  l inea r  and o r ien ta t ion  motion 
parameters are a v a i la b le  in  the market such as the SELSPOT [  82 ]  and the 
CODA 3 [ 83 ] ,  but t h e i r  p r ices  ( around £ 53,000 ) and accuracy ( 0.5% of  
t o t a l  range ) at  t h i s  moment do not p e rm i t  t h e i r  use. A l though,  i f  these 
devices can be used, the k inem a t ic  e r ro rs  assoc ia ted w i th  the robot  i s  
another matter to  be considered. The robot kinematic errors o r ig ina te  from 
bearing wear, j o i n t  misalignments and the kinematic errors due to  the robot 
s truc tura l  deflect ions. In the absence of cheap and accurate devices, and 
the e l im inat ion  of kinematic er rors, the kinematic response va l ida t ion  of 
the robot cannot be undertaken. Instead the l i n e a r  p o s i t i o n  o f  the  end - 
e f f e c t o r  about i t s  base is  employed to  check the cor rec tness  of  the  data 
supplied by ASEA ROBOTICS.
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The work boundary of the Asea IRb6 robot i s  shown in  F igure  7.1 and 
given the angular displacements of the jo in t s ,  the s imulat ion program works 
out the l inea r  posit ions which are given in Table 7.1. The resu l ts  of Table
7.1 shows no dif ference between the Asea f igures and the calculated f igures 
s ince the same robot phys ica l  parameters have been employed f o r  both 
c a lc u la t i o n s .  Thi s the re fo re  con f i rms th a t  the robot  l i n k s 1 leng ths  are 
correct.
The dynamic response va l idation fo r  the RADSP is  important because of 
the assumptions made in  generat ing the robot  dynamic equat ions .  The 
va l ida t ion of the robot dynamic response involves i t s  pred ic t ion  and the 
subsequent measurement of the torque produced by the j o i n t  actuators. The 
d i f f e re n c e  between these values gives the degree of  accuracy o f  the 
simulat ion program. Unlike the kinematic va l ida t ion ,  the dynamic va l ida t ion  
of the i n d u s t r i a l  robot can only be performed f o r  the  rea l  robot  which 
takes in to  account the robot l in k  torques, the load torques, the f r i c t i o n  
and the g r a v i t y  torques. Some of these torques cannot be eva luated 
therefore errors are expected from th is  exercise.
The current errors associated w i th  such experiments can be evaluated 
using the concept shown in F igure 7.2. This invo lve s  the genera t ion  of 
cu r ren t  e r r o r  c o e f f i c i e n t s  using the re s u l t s  o f  one exper iment and the 
subsequent generation of the current e r ro r  equations. These current e r ro r  
equations are then fed back e i t h e r  i n t o  the real  system or the  computer 
model fo r  compensation.
The t e s t  r i g  f o r  the dynamic v a l i d a t i o n  of the Asea IRb6 robot  i s  
shown in F igure 7.3 and cons is ts  of the Asea IRb6 ro b o t ,  two data 
acquis i t ion systems with  ind iv idual microcomputer, e le c t r i c  noise f i l t e r s  
and a mult i  channel voltage am pl i f ie r .
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The same type of e l e c t r i c  motor i s  used as the mot ive power f o r  a l l  
the axes. The d.c motor i s  servo - c o n t r o l l e d ,  and the speed and the 
posit ion informat ion fo r  control purpose is  obtained from a tachometer and 
a re so lv e r  mounted on the back of  the motor and d r iven  from the motor 
shaft.  The d.c motor, tachometer and resolver propert ies are given in Table
7.2 and F igure  7.4 shows a schematic diagram of  the motor assembly. For 
each v a l i d a t i o n  t e s t ,  the j o i n t  d.c motors '  c u r re n t  and vo l tage ,  and the 
tachometers voltage drops were gathered on the data acquis i t ion systems.
Enough information concerning the physical propert ies of each l i n k  and 
t h e i r  dr ive components had not been supplied by ASEA ROBOTICS and there is  
a need to evaluate these quant i t ies to  enhance the successful va l ida t ion  of 
the l inks '  dynamic responses. The mass and moment of in e r t i a  of the upper 
and lower l inks '  dr ive components can be evaluated from the drawings given 
in Appendix C and the end - e f f e c t o r  and i t s  d r iv e  components moment of 
i n e r t ia  have to be evaluated experimental ly. Therefore, two experiments had 
been performed f o r  the dynamic response of the end -  e f f e c t o r ,  the f i r s t  
experiment ( Test 1 ) was fo r  the evaluation of the end - e f fec to r  and i t s  
d r i  ve component moment of i n e r t i  a w h i le  the second exper i  ment ( Test 2 ) 
was the va l ida t ion  of the simulat ion program using the resu l ts  of the f i r s t  
experiment.
The Asea IRb6 robot was operated in the synchronized mode during the 
tests and in th is  mode, the lower l in k  cannot be operated independently of 
the upper l i n k  whereas the end - e f fec to r ,  pedestal and the upper l i n k  can 
be operated independently of any other l in k .  For t h is  reason, three tes ts  ( 
Tests 3, 4 & 5 ) had been performed to  v a l i d a te  the upper and low er  l i n k s '  
dynamic responses.
Tests 1 and 2 were performed w i th  the upper and lower l in ks  located at
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t h e i r  mid - posit ions so that the effects  of the end - e f fec to r  dynamics 
can be eva luated. The end - e f f e c t o r  was then made to  undergo the 
displacements shown in Figure 7.5. Test 3 involved only the motion of the 
upper l i n k  as shown in F igure 7.6 w h i le  Test 4 was the movement of the 
upper and lower  l i n k s  to  produce a s t r a i g h t  l i n e  w i th  the end - e f f e c t o r  
maintaining i t s '  or ienta t ion and Test 5 involved the combined movement of 
the three l inks .
In t h i s  Chapter, the v a l i d a t i o n  of the th ree  upper l i n k s  of  the Asea 
IRb6 robot fo r  both the kinematic and dynamic responses are presented. A 
se r ies  of experiments  had been performed but a re p re s e n ta t iv e  sample of 
f i v e  d i f fe re n t  tests are presented in th is  Chapter.
7.2. The va l ida t ion  of the end -  e f fec to r  dynamic response.
The dr ive configurat ion of the end - e f fec to r  is  shown in Figure 7.7 
and i t  con s is ts  of  a d.c motor coupled to  a harmonic d r i v e  gearbox which 
d r i  ves a p i v o t i n g  d isc  1 ocated in  the 1 ower l i n k  j o i n t .  A s i m i l a r  d is c  is  
loca ted  in s id e  the j o i n t  between the upper and lower  l i n k s ,  and a t h i r d  
disc is  located ins ide the w r is t .  These discs are connected to  one another 
by means of double l i n k  rods and the ro ta ry  movement on the  low er  p i v o t  
d isc  is  t r a n s m i t t e d  v ia  the l i n k  rods to  the second d isc  and then t o  the  
t h i r d  d isc  which re s u l t s  in  the w r i s t  angular  motion about the x -  a x is .  
The range of the w r is t  motion is  between * 90° about the horizontal plane.
With reference to  Figure 6.1, the end - e f fec to r  mass acts at the axis 
of ro ta t ion  which means that  the w r is t  grav i ty  torque has a nu l l  vector and 
the use of lumped mass model o f  the l i n k  re s u l t s  in  zero to rque  when the 
l in k  is  accelerat ing. The analysis of the end - e f fec to r  dr ive shows tha t  
the to rque re a c t io n  of the end - e f f e c t o r  motor acts on the  pedesta l  and
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not on the upper l i n k .  The only re ac t ion  on the upper l i n k  is  the end - 
e f fec to r  mass. Based on th is  informat ion, the ef fec ts  of the end - e f fec to r  
dynamics on the upper and lower l i n k s  were eva luated e x p e r im e n ta l ly  in 
order to  q u a n t i f y  t h e i r  values. The r e s u l t s  of these te s t s  showed no 
e f f e c t s  on the upper and lower l i n k s ,  the tacho speed was zero and the 
jo in t s '  d.c motors showed no change in the supply voltage and current. Test 
1 was th e re fo re  used to  eva luate the eq u iv a le n t  moment of  i n e r t i a  and 
damping coe f f ic ien t  of the end - e f fec to r  and i t s  dr ive components.
The harmonic dr ive contr ibution is  a loss motion term which is  due to  
the gearing backlash. The maximum value of th is  backlash is 6 arc minutes 
which can be neglected.  Neg lec t ing  the f r i c t i o n a l  torque and the end - 
e f fec to r  s t ruc tura l  dynamics, the torque equ i l ib r ium of the end - e f fec to r  
is given as fo l lows.
( 7.1 )
( 7.2 )
Where T is  the torque generated by the d.c motor and the f o l l o w i n g  
s u f f i x e s  m, HD,LD and EF denote d.c motor,  harmonic d r i v e ,  l in kag e  d r i v e  
and end - e f fec to r  respectively.
The torque dr iv ing  the motor includes the tachometer and the resolver  
dynamics. Therefore,
( 7.3 )
= ( J m
= + + +
1 GEN m 1 HD 1 LD 1 EF
GEN i a
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T HD J H D 0 m + n K HD  ^ 0 m “ J M  ^n
( 7.4 )
where n is  the gear ra t io  and assuming no loss motion between the motor and
the harmonic dr ive 0 - 1  = 0- 2 - 1  y m n
Therefore,
T HO J HD 9 m
( 7.5 )
T LO 3  J LD 9 1
( 7.6 )
T EF " J EF 9  1
( 7.7 )
The connecting rod dynamics cancel each other out and the harmonic dr ive 
dynamics i s  on ly due t o  i t s  i n e r t i a .  Combining equat ions 7.3 to  7.7 gives 
the fo l low ing  torque equi l ib r ium equation.
T GEN " J t t  9  m + 8 t t  9  m
( 7.8 )
Where
J .. = J + d . + J + d u n  + n ^ ( 3 J , n + d e c )t t  m t  r HD v LD EF
( 7.9 )
and B ^  i s  the o v e ra l l  damping c o e f f i c i e n t  and i t  i s  unknown. The o the r  
unknowns in the above equations are the end - e f fec to r  and discs moment of
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i n e r t ia .  The m o to r, ta ch o m e te r and re s o lv e r  in e r t ia s  are g iven  in  T ab le
7.2.
The robot p o s i t io n s  f o r  Test 1 i s  shown in  F igure 7.5 and F igure  7.8 
shows the d.c motor speed measured du r ing  the experiment.  The speed is  
integrated numerical ly to  generate the angular displacement and numerical ly 
d i f f e r e n t i a t e d  to  produce the angular  a c c e le ra t io n .  Since the harmonic 
d r iv e  s t i f f n e s s  c o n t r i b u t i o n  to  the d.c motor torque i s  ignored ,  the 
constant motor speed region of Figure 7.8 is  employed fo r  the ca lcu la t ion 
of the o v e ra l l  damping c o e f f i c i e n t .  This value is  f u r t h e r  u t i l i z e d  to  
calculate the equivalent overal l  moment of in e r t i a  during the accelerat ion 
and d e c e le ra t ion  per iods .  The r e s u l t i n g  average moment o f  i n e r t i a  and 
damping coe f f ic ien t  are given as fo l lows
J = 3.0022 . 10 ' 4 [  Kg m 2 ]
B .. = 1.385 . 10 [  Nm sec /  rad ]
The c a lcu la ted  moment of i n e r t i a  and the damping c o e f f i c i e n t  values are 
applied to the same motor speed and accelerat ion of Test 1 to  evaluate the 
e r r o r  associated w i th  t h e i r  use and F igure  7.9 shows the c a lc u la te d  and 
measured c u r re n t  values. The e r r o r  between the c a lc u la te d  and measured 
currents is  a t t r ibu ted  to  the terms ignored in the dynamic equation such as 
s t a t i c  f r i c t i o n  and dynamic f r i c t i o n .  There fo re ,  the cu r re n t  e r r o r  i s  a 
function of motor angular displacement, speed and accelerat ion.
The c u r re n t  e r r o r  ( Er ) i s  de f ined  as the d i f f e re n c e  between the  
c a lcu la ted  and measured motor cu r re n ts .  In o rder  to  compensate f o r  t h i s  
e r r o r ,  the concept shown in  F igure  7.2 i s  u t i l i z e d  and a c u r re n t  e r r o r  
equat ion i s  generated using the motor mot ion parameter as the  e r r o r  
functions. Using the Taylor series expansion, the current e r ro r  equation (
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Er ) can be w r it te n  as fo llo w s
Er a q + a ^ e  + a ^ 0 2 + + a n 9 n
, , n+ b 0  n
2 + + c 0 n
n
( 7.10 )
Where a b . and c . are the current e r ro r  coe f f ic ien ts  whi le  0 , 0 and 0 
are the motion parameters. S u f f i c e  i vary from 0 to  n. N eg lec t ing  second 
and h igher  o rder  te rms,  the cu r ren t  e r r o r  equat ion can be w r i t t e n  as 
fo l lows.
• •
Er = a 0 + b 0 + c 0 + K
a : th e  c u r r e n t  e r r o r  c o e f f i c i e n t  due t o  th e  m o to r  a n g u la r  
displacement [ A  /  Rad ].
b : the current er ror  coe f f ic ien t  due to  the motor angular ve lo c i ty  [  
A sec /  Rad ] .
c : t h e  c u r r e n t  e r r o r  c o e f f i c i e n t  due t o  th e  m o to r  a n g u la r  
a c c e le ra t io n  [ A sec /  Rad ].
( 7.11 )
where
( 7.12 )
and
The resu l t ing  d.c motor current plus the current e r ro r  equation is  given as 
fo l lows.
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I -i = I , i i + d 8  + b 6 + C 0  + Kactual model m m  m
( 7.13 )
The cu r ren t  e r r o r  c o e f f i c i e n t s  of t h i s  t e s t  were c a l c u la t e d  between the 
time the d.c motor star ted to rotate and the time i t  stopped. The p lo ts  of 
the cu r ren t  e r r o r  c o e f f i c i e n t s  are shown in  Figure 7.10 and the c u r re n t  
e r r o r  c o e f f i c i e n t s  are found to  be dependent on t ime. The c u r re n t  e r r o r  
c o e f f i c i e n t  due to  the angu la r  d isp lacement ( 1 a ‘ ) was found to  be 
s i g n i f i c a n t  at the i n i t i a l  stages o f  the motion ( i . e  du r ing  the 
a c c e le ra t in g  per iod  ) and t h i s  can be a t t r i b u t e d  to  the s t a t i c  f r i c t i o n  
which was not possible to  measure during the experiment. Also,  the current 
e r ro r  c o e f f i c i e n t  1 a 1 showed a small  change dur ing  the d e c e le r a t in g  
per iod but was not as s i g n i f i c a n t  as dur ing  the a c c e le ra t io n  pe r iod .  The 
cu r ren t  e r r o r  c o e f f i c i e n t s  1 b 1 and 1 c 1 were found to  be r e l a t i v e l y  
in s ig n i f i c a n t  and constant throughout the end - e f fec to r  motion, although 
small  changes can be seen dur ing  the a c c e le ra t in g  pe r iod .  These c u r re n t  
e r r o r  c o e f f i c i e n t s  can be a t t r i b u t e d  to  the rounding up e r r o r s  o f  the 
calcula ted moment of in e r t ia  and damping coe f f ic ien t  values.
The posit ions of the robot fo r  the second tes t  is  shown in Figure 7.6 
and Figure 7.11 shows the measured motor speed. The p lo ts  of the ca lcu la ted  
and the measured motor cu r ren ts  are shown in  F igure 7.12 and the  p l o t s  o f  
the Test 2 c u r re n t  e r r o r  c o e f f i c i e n t s  are shown in  F igu re  7.13. A 
comparison of the Tests 1 and 2 current error  coe f f ic ien ts  shows tha t  the 
current error  coe f f ic ien ts  values are not the same although they seemed to  
behave in the same manner. This indicates that the current e r ro r  equation 
of  one t e s t  cannot be used f o r  another t e s t .  However, the p l o t s  of  the 
current error  coe f f ic ien ts  may help to  h ig h l ig h t  the dynamic equation term
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which contr ibute most to  the current error .  The current e r ro r  coe f f ic ien t  
va 1 of  t h i s  t e s t  was a lso  found to  be s i g n i f i c a n t  du r ing  the a c c e le ra t io n  
period wi th  small change during decelerat ing period whi le the current er ror  
coe f f ic ien ts  ‘ b 1 and v c ' were s t i l l  r e la t i v e ly  in s ig n i f i c a n t .
7 .3 . The validation of the upper link dynamic response.
Figure 7.14 shows the upper l in k  dr ive configurat ion which consists of 
a d.c motor d r i v i n g  a ba l lsc rew  assembly and a b a l l  nut secured to  a yoke 
in  one corner of a j o i n t e d  pa ra l le lo g ra m  which causes the upper l i n k  to  
undergo angular  motion about the x -  ax is .  The upper l i n k  i s  counter  - 
balanced by the we igh t  at tached to  a guide stay at  the  rear  of  the robot .  
The work ing range of  the upper l i n k  i s  + 25° and - 40° about the 
hor izonta l .
The counter - weight attached to  the upper l i n k  means tha t  the e f fec ts  
of grav i ty  are el iminated and the l in k  torque w i l l  be tha t  due to  the l i n k  
mass, the counter  - mass and the app l ied  loads.  The upper l i n k  to rque 
equation is  given in equation 6.113 and the l inkage and ballscrew equations 
are given in  equat ion 4.13 - 4.17 and 4.30 - 4.40 r e s p e c t i v e l y .  The 
ba l lsc rew  moment of i n e r t i a  and the nut mass are c a lc u la te d  from the 
bal lscrew diagram given in Appendix C. The physical data of the bal lscrew, 
the d.c motor, the ba l lnut  and the upper l i n k  are given in Table 7.3.
The robot p o s i t io n s  f o r  Tests 3 and 4 are shown in  F igu re  7.6. The 
robot motion during Test 3 was such tha t  the lower l i n k  was made to  remain 
sta t ionary whi le  the upper l in k  was undergoing the given command. The robot 
motion was achieved by the use of the PTPC command which i s  a Po in t  -  To 
Point  opera t ion  w i t h  Coarse p o s i t i o n in g  which a lso  means t h a t  the
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c o n t r o l l e r  does not have to  obey a set command but achieve the given 
command in the best possible way.
The measured tacho speed shown in Figure 7.15 was numerical integrated 
and d i f fe ren t ia ted  to generate the angular  d isp lacement and a c c e le ra t io n  
respectively which were then fed in to  the s imulat ion program to  generate 
the motor c u r re n t .  The measured and c a lc u la te d  motor cu r re n t  values are 
shown in  F igure  7.16 and from the f i g u r e  i t  can be seen t h a t  th e re  are 
s ign i f ican t  d if fe rence at the accelerat ing period of the motion.
In order t o  f i n d  out the reason f o r  t h i s  d i f f e r e n c e ,  f u r t h e r  
calculat ion of the current error  coe f f ic ien ts  was pursued and Figure 7.17 
shows the p lo t  of the current error  coe f f i c ie n t  against t ime. From Figure 
7.17, i t  i s  shown t h a t  the cu r ren t  e r r o r  c o e f f i c i e n t  'a 1 has the h ighes t  
value at the a c c e le ra t in g  per iod of  the mot ion and the c u r re n t  e r r o r  
associated wi th  the posit ion can be a t t r ibu ted  to  the s ta t i c  f r i c t i o n .  The 
other cu r ren t  e r r o r  c o e f f i c i e n t s  are very small  compared to  the c u r re n t  
error  coe f f ic ien t  'a  1 and can be ignored at th is  stage.
The measured motor speed fo r  Test 4 is  shown in Figure 7.18 and Figure 
7.19 shows the measured and calculated motor currents. The resu l ts  ind ica te 
th a t  the c u r re n t  supp l ied  to  the d.c motor inc luded  the d r i v i n g  c u r re n t ,  
the cu r ren t  to  r e s i s t  the reac t ion  of  the lower l i n k  and the c u r re n t  f o r  
other e le c t r i c a l  components in the robot d r ive r  board. The current errors 
of  Test 3 were due to  the i n i t i a l  s t a t i c  and dynamic f r i c t i o n s ,  but the  
cu r ren t  e r ro rs  o f  the Test 4 do not conform to  those of  Test 3 and the 
above conclusion is  the only viable solut ion. The addit ion of the current 
e r ro rs  of Test 3 t o  the re s u l t s  of  Test 4 w i l l  s t i l l  leave the  c a lc u la te d  
cu r ren t  shor t  of about 2.5 Amperes and t h i s  c u r re n t  e r r o r  must be due to  
the resistance and the inductor connected across the d.c motor as shown in 
Figure 7.4. In f a c t ,  judg ing  from the value of  the c a lc u la te d  c u r r e n t ,  i t
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can be concluded tha t  the upper l ink  responded in sympathy to the actions 
of the lower l in k  in order to re ta in the o r ien ta t ion  of the end - e f fec to r  
w h i le  the vo l tage  drop across the motor i s  used by the c o n t r o l l e r  to  
increase j o i n t  s t i f fness .  The same ef fec ts  are shown in the resu l ts  of the 
lower l in k  dynamic response va l ida t ion tests .
7 .4 . The validation of the lower link dynamic response.
The lower l in k  rotates about the x - axis and i t s  dr ive configurat ion
is  a d.c motor attached to  the end o f ' ,  and d r i v i n g  a long h e l i c a l  screw
s ha f t  ( b a l ls c rew  ). A b a l ln u t  r i d i n g  on the  screw t r a n s m i t s  the ro ta r y  
motion to l inea r  motion along the screw shaft.  The bal l  nut is  secured in a 
yoke attached to  a lever protruding from the lower l i n k ,  and the ro ta t ion  
o f  th e  d.c m o to r  f o r c e s  the  l i n k  t o  move. The l o w e r  l i n k  d r i v e  
c o n f ig u r a t io n  i s  shown in  Figure 7.20 and the  same b a l ls c re w  and b a l l n u t  
are on the upper and the lower l inkage drives.
The prev ious ana lys is  of the upper l in kag e  d r i v e  suggests t h a t  the  
to rque re ac t ion  of the upper l i n k  acts on the  pedestal and the to rque  
reac t ion  at  the t i p  o f  the lower l i n k  i s  zero but th e re  i s  s t i l l  a fo rc e  
reaction act ing on the lower l ink .  The torque equation of the lower l i n k  is  
given in equation 6.114.
Since the robot was operated in the synchronized mode the same tes ts
used fo r  the upper l i n k  are employed fo r  the va l ida t ion  of the lower l i n k
dynamic response. F igure 7.21 shows the measured motor speed and the 
resu l t ing  calculated motor current and measured motor current are shown in 
Figure 7.22. The calculated lower l i n k  angular displacement showed tha t  the 
l i n k  was s ta t io n a r y  dur ing Test 3 and t h a t  the vo l tage  drop across the
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motor was main ly  to  r e s i s t  the reac t ions  from the  upper l i n k  motion. The 
measured current reached a maximum value at the point  where the upper l in k  
d e c e le ra t io n  is  h ighest  and the cu r ren t  i s  about 12 Amperes w h i le  the 
di f ference between the upper l in k  minimum and maximum current values is 
a lso  about 12 Amperes. This t e s t  t h e re fo re  suggests t h a t  the vo l tage  
supp l ied  to  the d.c motor w h i le  the robot l i n k  was s ta t io n a r y  was to  
increase the robot j o i n t  s t i f fness  and resisted the reactions of the other 
l in k s .
F igure  7.23 shows the lower l i n k  tacho speed measured dur ing  Test 4 
and the  c a lc u la te d  and measured motor cu r re n ts  are shown in  F igure 7.24. 
The r e s u l t s  show a cu r re n t  e r r o r  d e f i c i t  of about 3 Amperes between the 
maximum values and the d i f f e re n c e  between the measured and c a lc u la te d  
c u r re n t  f u r t h e r  con f i rm s  th a t  the c u r re n t  supp l ied  to  the d.c motor was 
more than the d r iv ing current. The measured current was a step input whi le 
the calculated current increases wi th  t ime and decreased back towards zero.
The la s t  va l ida t ion  tes t  is  shown in Figure 7.6 and Figure 7.25 shows 
the motor speed fo r  both the upper and lower l inks .  There was no change in 
the end - e f fec to r  speed which means that  there was no angular displacement 
at the  w r i s t .  F igure 7.26 shows the upper l i n k  c a lc u la te d  and measured 
motor cu r re n ts  w h i le  F igure 7.27 show the cor responding r e s u l t s  f o r  the 
lower  l i n k .  The re s u l t s  of the lower l i n k  f o r  t h i s  t e s t  are s i m i l a r  t o  
those of  Test 4 as the l i n k  performed the same task .  The upper l i n k  t e s t  
resul ts  exh ib i t  s im i la r  discrepancies encountered in Tests 3 and 4.
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7 . 5 .  D i s c u s s i o n .
The dynamic va l ida t ion  of the three l inks  of the Asea IRb6 robot was 
undertaken wi th  l i t t l e  information from the robot manufacturer concerning 
the e le c t r i c a l  configurat ion of the robot j o i n t  d r ive r  boards and w i th in  
these l im i ta t i o n s  the va l ida t ion of the end - e f fec to r  was achieved using 
exper imenta l  data of  one t e s t  to  v a l i d a te  the o the r .  The same exe rc ise  
performed on the end - e f fec to r  unfortunately could not be performed on the 
lower and upper l inks  of the Asea IRb6 robot because of the excess current 
supply to  the l i n k s  to  r e s i s t  the d i s tu r b in g  torques from o th e r  l i n k s .  
However, the  Test 3 r e s u l t s  showed favourab le  r e s u l t s  f o r  the  upper l i n k  
where a PTPC command was used and the t e s t  a lso  h ig h l i g h t e d  the  s t a t i c  
f r i c t i o n  of the upper l i n k  j o i n t .  The r e s u l t  was t h e r e fo r e  acceptab le  
w i th in  the l i m i t s  of the va l ida t ion tests.
The dynamic v a l i d a t i o n  of the lower l i n k  shows t h a t  more d e ta i l e d  
informat ion is required from ASEA ROBOTICS before the simulat ion program 
re s u l t s  can be f u l l y  va l ida ted .  The a l t e r n a t i v e  i s  to  b u i l d  a r i g  
s p e c i f i c a l l y  f o r  the va l ida t ion  work. For th is  purpose, a s ing le  l i n k  be l t  
driven robot has been designed and b u i l t  f o r  the va l ida t ion  of a robot be l t  
dr ive. This is  discussed fu r the r  in the next Chapter.
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Fig.  7-1: A schematic sketch of the Asea IRb6 robot work boundary. 
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Fig. 7-2: A schematic sketch of  the e r ro r  evaluation concept.
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p o s i t i o n s  during  T e s t s  3 ,  4 and 5
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Fig. 7-7: A schematic sketch of the end -  effector drive configuration. 
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F i g .  7 -8 :  The measured end -  e f f e c t o r  t a c h o  speed  f o r  t h e  T e s t  1 .
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motor current for the Test 1.
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Fig. 7-11: The measured end -  effector tacho speed for the Test 2 . 
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motor c u r r e n t  f o r  t h e  T e s t  2 .
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Fig. 7-13: The end -  effector Test 2 current error coeffic ien ts .
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Fig. 7-14; A schematic sketch of the Asea IRb6 robot 
upper link drive configuration.
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Fig. 7 - 15 : The measured upper lin k  tacho speed for the Test 3.
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Fig. 7- i s  The upper l i n k  measured tacho speed f o r  Test 4.
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Fig .  7 -*20: A schematic sketch of the Asea IRb6 robot 
lower l i n k  dr ive con f igura t ion .
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Fig. 7- 2 i The measured lower link tacho speed fo r the Test 3.
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F ig . 7-22: The measured and ca lcu la te d  lower l in k
motor cu rren ts  fo r  the  Test 3.
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F i g .  7-23: The measured low er l in k  tacho speed fo r  the Test 4 ,
December 1985.
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tacho speed fo r  the  Test 5.
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F ig . 7-27: The measured and ca lcu la te d  lower l in k
motor cu rren ts  fo r  the  Test 5 .
A. E. Somoye December 1985.
Table 7-1: The corresponding jo in t angles fo r the Asea IRb6 robot work boundary.
GIVEN VALUES CALCULATED VALUES
1 2
JOINTS'
3
ANGULAR DISPLACEMENTS. 
4 5 1 2 
DEGREES.
3 4 5
POSITIONS
A 0 0 -15 -40 0 0 0 -15 -40 0
B 0 0 0 -40 0 0 0 0 -40 0
C 0 0 40 0 0 0 0 40 0 0
D 0 0 -15 0 0 0 0 -15 0 0
E 0 0 40 40 0 0 0 40 40 0
F 0 0 0 40 0 0 0 0 40 0
Table 7-2: The d.c motor, tachometer and resolver properties.
D.c motor
Rated Torque 53.7 Ncm
Rated speed 3000 rpm
Rated.current 6.5 A 
Nominal voltage 35 V 
Torque constant 8.8 Ncm/A
2
Rotor moment of in e r t ia  340 gem 
Mass 2.8 Kg
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Tachometer
Emf /  1000 rpm 3 V 
Output impedance 1 ohm
2Rotor moment of in e r t ia  350 gem 
Maximum speed 4000 rpm
Mass 1.0 Kg
Resolver.
2Rotor moment of in e r t ia  3.6 gem 
Output voltage 6 V
Table 7-3: The ballscrew and harmonic dr ive technical data. 
Ball screw.
Screw thread diameter 20 mm
Lead 5 mm
Leadscrew e f f ic iency  0.926
Dynamic f r i c t i o n  c o e f f ic ien t  0.005
End - e f fec to r  harmonic dr ive.
Ratio 1:128
Output torque 43Nm
Slip over torque 129 Nm
Input power at 1450 rpm 0.077Kw
Ine r t ia  0.0205 . 10 Kgm^
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CHAPTER EIGHT.
VALIDATION OF A ROBOT -  BELT DRIVE.
A. E. Somoye December 1985.
8 . VALIDATION OF A ROBOT -  BELT DRIVE.
8.1 . Introduction.
Belt dr iven robots are an a l te rna t ive  method of reducing the non - pay 
load c a r r ie d  by a robot .  The j o i n t  ac tua to rs  are re lo ca te d  at  the base of 
the robot or at s u i t a b le  p o s i t io n s  where t h e i r  masses and i n e r t i a s  
c o n t r ib u te  less to  the ove ra l l  moving mass of  the robot system. However, 
the reduct ion  in  robot moving mass is  paid f o r  in  the  i n t r o d u c t i o n  of  
f l e x i b i l i t y  i n  th e  d r i v e  which  can a f f e c t  s t a t i c  and dynam ic  
c h a r a c t e r i s t i c s .  Care fu l  s e le c t io n  of d r i v e  c o n t ro l  parameters may be 
required as a r e s u l t  o f  t h i s ,  so i t  i s  d e s i ra b le  to  be able to  model and 
ide n t i fy  be l t  dr iven robots.
Robot - b e l t  d r ive s  can be con f igured  as shown in  F igure  8.1. The 
f i r s t  be l t  - dr ive configurat ion ^ Type A ) is  a d.c motor - harmonic dr ive 
- belt  dr ive configurat ion while Type B is  the re locat ion of the harmonic 
drive a f te r  the be l t  dr ive.  The configurat ion most widely used is  the Type 
A w i th  a gear t r a i n  or w i th o u t  a gear t r a i n  but w i t h  the use of  a s tepper  
motor. To tens ion  the b e l t  two methods shown in  Fi gure 8.2 are empl oyed, 
the use of e i t h e r  a Jockey wheel or the use of a clamped type b e l t  - 
tensioner. The clamped type belt  - tensioner consists of two clamps which 
hold the two ends of a b e l t  which can be a l t e re d  v ia  a screwing a c t io n .  
This is  the type employed by IBM fo r  the 7500 series robots. ,
The IBM 7500 series robots are ve r t ica l  axes robots w i th  four  degrees 
of freedom and an option to  raise or lower the robot pos i t ion.  A be l t  dr ive 
is  only employed on one of the axes. The end - e f f e c t o r  j o i n t  i s  a 
pr ismatic  j o i n t  actuated via a pneumatic cy l inder  whi le  the next j o i n t  is  
the b e l t  -  d r i v e  and the l a s t  two j o i n t s  are d.c motor - harmonic d r i v e  
configurat ions ( Type C also shown in Figure 8.1 ). The same type of robot
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belt  dr ive configurat ion fo r  the ver t ica l  axes robots is  found to be shared 
by a number of other robot manufacturers such as Sankyo and Dainichi Sykes.
Dainichi Sykes markets two types of be l t  driven robots; ve r t ica l  axes 
and h o r iz o n ta l  axes robots.  The v e r t i c a l  axes robots are con f igu red  l i k e  
the IBM 7500 series robots with the same degrees of freedom. The horizontal 
axes robots have f i v e  degrees of freedom. The based j o i n t  is  actuated via a 
d.c motor - a gear t r a i n  c o n f ig u r a t io n .  The next th ree  j o i n t  axes are 
actuated via a d.c motor - harmonic dr ive - be l t  dr ive configurat ions. Each 
jo i n t  actuator is  s i tuated at the next j o i n t  towards the base of the robot. 
The b e l t  d r iv e  c o n f ig u r a t io n  is  s i m i l a r  to  the one chosen in  F igure  8.3 
except that  a clamped type be l t  -  tensioner is  employed fo r  achieving the 
desired be l t  tensions.
E a r l ie r  work on toothed be l t  by Naji and Marshek [  84 ] ,  invest igated 
the effects  of be l t  material property, p i tch  va r ia t ion ,  f r i c t i o n  force,  and 
pul ley ro ta t ion  on be l t  load d is t r ib u t io n .  The ob ject ive of t h e i r  work was 
to  improve b e l t  work ing l i f e .  A f t e r  a se r ie s  o f  t e s t s ,  va ry ing  these 
parameters, i t  was concluded that  careful parameter select ion was necessary 
to  improve b e l t  work ing l i f e .  The mathematical  model used in  t h e i r  
i n v e s t ig a t io n  de f ined d i f f e r e n t  s t i f f n e s s  coe f f ic ien ts  fo r  the be l t  cord 
and tooth. The be l t  cord s t i f fness  c o e f f i c ie n t  [  K ^ ]  is  given as
E . A
( 8.1 )
Where A is  the cross s e c t io n a l  area of the b e l t  cord, E is  the  Young's 
modulus of the be l t  and P  ^ is  the be l t  p i tch .
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The b e lt to o th  sp ring  constant [  K .. ]  is  given as
Q . CoS a
K t i
( 8.2 )
Where Q . i s  the load on to o th  ^  when wrapped round the  p u l le y ,  a i s  the 
tooth pressure angle and x . is  the def lec t ion of tooth ^
More recent  work by Ulsoy et al [  85 ]  on the design of b e l t  - 
ten s ione r  systems f o r  dynamic s t a b i l i t y  in  au tomot ive  a p p l i c a t io n s  
in v e s t ig a te d  the v a r ia t i o n  of b e l t  tens ion  and speed on the na tu ra l  
frequency of both be l t  and be l t  - tensioner systems. In t h e i r  analysis, the 
b e l t  s t i f f n e s s  of the loose span is  a se r ie s  combina t ion  o f  the b e l t  
s t i f fness  c o e f f ic ie n t  due to  be l t  material and the be l t  -  tensioner whi le  
in  the t i g h t  span the b e l t  s t i f f n e s s  c o e f f i c i e n t  i s  on ly  due t o  the b e l t  
m a te r ia l .  F igure 8.2 shows the s i m p l i f i e d  schematic  sketch of  the  b e l t  - 
ten s ione r  system. The change in  b e l t  tens ion  [ 6 T ]  f o r  a given load is  
given as fo l lows.
For the loose span
Where K j  is  the be l t  -  tensioner s t i f fness  c o e f f i c ie n t ,  6 L is  the change 
in app l ied  load and s u f f i x e s   ^ and denote the loose span and the  t i g h t  
span respecti ve ly .
( 8.3 )
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And fo r  the t ig h t  span
( 8.4 )
There fore ,  i t  i s  poss ib le  to  reduce the tens ion  v a r ia t i o n  [  6 T  ^ ]  by 
lower ing  the te n s io n e r  s t i f f n e s s  c o e f f i c i e n t  [  K ^ ]  thus a l l o w in g  the 
maintenance of constant be l t  s t i f fness  c o e f f i c ien t  in the be l t  dr ive.
Timing b e l t  manufacturers  do not no rm a l ly  g ive the  s t i f f n e s s  
c o e f f i c i e n t  o f  t h e i r  b e l t s ;  ins tead the equat ions which de term ine the 
amount o f  app l ied  fo rce  needed to  achieve the c o r re c t  b e l t  te ns ion  f o r  a 
given p u l le y s '  centre  d is tance are given.  With the  assumption t h a t  b e l t  
s t i f fness  c o e f f i c ie n t  is  sole ly due to  the be l t  cord, a s im p l i f ie d  version 
fo r  the be l t  s t i f fness  coe f f ic ien t  is obtained which is given in equation
8.1. Secondly, i t  i s  not easy to  measure or p r e d ic t  the  b e l t  to o th  
d e f le c t io n s  s ince the robot a c tu a t in g  to rque i s  not constant  as would be 
the case w i th  o ther  b e l t  d r ive s .  However, from the  work of Na j i  e t  al and 
Ulsoy et a l ,  the be l t  s t i f fness  coe f f ic ien t  can be assumed to  be so le ly  due 
to the be l t  cord and is  the same on both sides of the pu l ley whi le  the only 
di f ference is  the tensions in the be l t  spans.
In t h i s  Chapter, a s in g le  l i n k  b e l t  d r iven  robot is  c a l i b r a t e d  and 
the Robot Arm Dynamic Simulat ion Package ( RADSP ) is  val idated fo r  a robot 
- be l t  dr ive. Using the algori thms generated fo r  a single l i n k  be l t  dr iven 
robot ,  a co n t ro l  step responses of  the robot  w i th  th ree  d i f f e r e n t  d r iv e  
configurat ions shown in Figure 8.1 are presented.
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8 .2 . Description of the test rig .
To v a l i d a t e  a robot - b e l t  d r iv e ,  an exper imenta l  r i g  has been 
designed and cons truc ted  f o r  t h i s  purpose. A schematic sketch and a 
photograph o f  the t e s t  r i g  are shown in  Figures 8.3 and 8.4 respectively. 
The tes t  r ig  consists of three main parts, a s ingle l i n k  be l t  dr iven robot, 
a control system and two data acquis it ion systems.
The s ingle l i n k  robot is  composed of a be l t  dr ive and a robot l inkage. 
The robot b e l t  - d r iv e  cons is ts  of a p r in te d  d.c motor w i t h  tacho,  an 
harmonic dr ive ,  a be l t  and two pul leys configurat ion as shown in Figure
8.2. The angu la r  d isp lacements  at the pu l le y s  are monitored v.ia two 
incremental encoders. The pul leys' ra t io  is  un i ty  whi le the harmonic dr ive 
r a t i o  i s  104. Four un i fo rm  discs of  masses 5kg, 4kg, 2kg and 1kg 
respective ly are also provided as added masses to  the robot l inkage.
The c o n t ro l  system is  housed in  a c o n t ro l  cab ine t  and con s is ts  o f  a 
d.c motor pos i t ion con t ro l le r ,  two incrementa l  encoder decoding dev ices,  
two d i g i t a l  -  t o  - analogue conver te rs ,  a power supply and a constant  
voltage source.
Two data a c q u is i t i o n  systems w i th  i n d iv id u a l  microcomputers  are 
employed fo r  data gathering and analysis. They are, a Datalab 2800 mult i  - 
channel  t r a n s i e n t  r e c o r d e r  i n t e r f a c e d  w i th  an H ew le t t  Packard 85 
microcomputer and a Data Acquis it ion System ( DAS ) configured to  in te r face  
w i th  a S i r t o n  Midas 2D/SQ microcomputer serves as the second data 
acquis i t ion system. The Transient recorder is  used fo r  the determination of 
the be l t  dynamic s t i f fness  coe f f ic ien t  te s t  where i t s  fas t  sampling rate 
and low s torage capac i ty  i s  requ ired w h i le  the  DAS i s  employed f o r  the 
v a l i d a t i o n  of  the s im u la t io n  program which requ i res  a la rg e  s torage 
capacity.
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The manufacturers '  s p e c i f i c a t io n s  of  each i tem and the c i r c u i t  
diagrams of the d ig i t a l  - to  - analogue converter and the encoder are given 
in Appendix E.
8 .3 . The robot link centre of mass and moment of in e rtia  tests.
Before the va l ida t ion  of the robot be l t  -  dr ive can take place, there 
is  a need to  determine the robot l ink 's  moment of i n e r t i a ,  mass and centre 
of mass so tha t  the be l t  s ta t i c  and dynamic s t i f fn ess  coe f f ic ien ts ,  and the 
robot dynamic algori thm can be determined. The robot l i n k  mass is  measured 
easi ly  by weighing.
8 .3 .1 . The robot link centre of mass test.
Figure 8.5 shows a schematic sketch of the robot l i n k  under a te s t  to  
f i n d  i t  s cen tre  o f  mass. The robot l i n k  was balanced h o r i z o n t a l l y  on i t s  
bearings wi th  the help of a s p i r i t  level and a spring balance located at a 
known distance L from the pivot. Force exerted on the spring was recorded 
and the cen tre  of mass of the robot l i n k  was c a lc u la te d .  Uniform masses 
were then added to  the robot l ink  and the same experiment was repeated fo r  
each added mass. The f o l l o w in g  equation gives the  cen tre  of  mass o f  the 
robot l in k  wi th  added mass.
' ( M Q + M . ) g
( 8.5 )
Figure 8.6 shows the p lo t  of the robot l i n k  centre of mass against the 
added mass. The re la t ionship  between the robot l i n k  centre of mass and the
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added mass i s  a non l i n e a r  fu n c t io n  and i t  increases w i th  an increase in  
the mass added to the robot l i n k .
8 .3 .2 . The robot link moment of in ertia  te s t.
Compound pendulum experiments were performed on the robot l i n k  to  f ind  
i t s  moment of i n e r t ia  wi th  the added mass. The robot l i n k  was balanced on a 
kn i fe  edge constructed from two V -  blocks and two mild steel rectangular 
bl ocks as shown in  Fi gure 8.7. The per i  odi c t i  me f o r  50 osci 11 a t i  ons was 
taken fo r  each added mass and the robot l i n k  moment of in e r t i a  is  given as
J . =
T ? ( M + M . ) g 1 -
1 0  i  a 1
i ' 2
4  IT
( 8.6  )
Figure 8.8 shows the p lo t  of the exper imenta l  r e s u l t s  of  the  compound
pendulum tes ts  against the added mass which is  the p lo t  of per iod ic  t ime
fo r  one o s c i l l a t io n  against the added mass. The re la t ionsh ip  between the 
p e r io d ic  t im e  o f  one o s c i l l a t i o n  and the added mass i s  a non l i n e a r
function and i t  increases with  the mass added to  the robot l i n k .  From these
r e s u l t s ,  the moment o f  i n e r t i a  of the robot  l i n k  was c a lc u la te d  using 
equation 8.6 and the experimental results of t h i s  tes t .  Figure 8.9 shows 
the p lo t  of the moment of in e r t ia  of the robot l i n k  against the added mass. 
The robot l i n k  moment of in e r t ia  is  found to  hold a non l ine a r  re la t ionsh ip  
wi th  the added mass and i t  increases w i th  an increase in the mass added to 
the robot l in k .
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8 .4 . The b e lt  s t i f fn e s s  c o e ff ic ie n ts  te s ts .
Two bel ts  were employed fo r  the s t i f fn ess  c o e f f i c ie n t  tes ts ,  both are 
made of the same material and one is  longer than the other. The dif fe rence 
in the be l t  length was chosen in order to  see the e f fec ts  of varying centre 
distance on the be l t  performances. The same s ta t i c  and dynamic s t i f fness  
coe f f ic ien t  experiments were performed on both be l ts  and the resul ts  of the 
experiments were found to be approximately the same. Therefore, the results  
of the experiments on the short one are presented in t h i s  section.
8 .4 .1 . The belt s ta tic  stiffness coefficient te s t.
To eva luate  the s t a t i c  s t i f f n e s s  c o e f f i c i e n t  of  the robot - b e l t  
dr ive, the harmonic dr ive was replaced wi th  a clamping mechanism label led 4  
in F igure 8.3. This device locks the d r i v i n g  p u l le y  onto the suppor t ing  
block of the d.c motor. Six p u l le y  centre d is tances  were se lec ted  f o r  the 
sho r te r  b e l t  s t a t i c  s t i f f n e s s  c o e f f i c i e n t  t e s t s .  The f i r s t  p o s i t i o n  
represents the b e l t  when the re  i s  no s lack ,  and the o the r  p o s i t i o n s  are 
when the b e l t  i s  t i g h t .  The o ve ra l l  d i f f e r e n c e  between the minimum and 
maximum p u l le y  cen tre  d is tances is  1.0 mm. The des i red p u l le y  cen tre  
distances were selected using a be l t  tensioner Tabelledl7 in Figure 8.3. 
The driven pul ley p latform was positioned such tha t  the distance between 
the two platforms corresponds to  the desired pu l ley centre distance and was 
measured using a vernier ca l iper.  Masses were then added to  the robot l i n k  
and the s t a t i c  angular  disp lacements o f  the  d r ive n  p u l le y  f o r  each added 
mass were recorded.
The robot l i n k  torque equi l ib r ium fo r  a given centre distance is  given as
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K , e = M . . 1 . . g . Cos 0b i i
( 8.7 )
That is
The robot  l i n k  g r a v i t y  torque equals the b e l t  s t a t i c  to rque .  
Therefore, the be l t  s ta t i c  s t i f fness  coe f f ic ien t  is  given as
M . 1 . g Cos 0 ..
1 1  J1 -
0 . •j i
( 8.8  )
Where the s u f f i x e s  j  and i denote cen tre  d is ta nce  and added mass 
respectively.
Figures 8.10 shows the t e s t  r e s u l t s  of the  b e l t  s t a t i c  s t i f f n e s s  
coe f f ic ien t  te s t  which are the plots of the angular displacements against 
the robot l i n k  grav i ty  torque fo r  each pul ley centre distance. From these 
f igures, the re la t ionship between the angular displacement and the robot 
l in k  grav i ty  torque is  an approximately l inea r  function w i th  the angular 
displacement increasing with  the increase in robot l i n k  grav i ty  torque. The 
bel t 's  s ta t ic  s t i f fness  coe f f ic ien ts  are obtained from the gradients of the 
p lo ts  shown in  Figure 8.10. Figure 8.11 shows the  p l o t  o f  b e l t s  s t a t i c  
s t i f fness  coe f f ic ien ts  against the pul ley centre distances which increases 
approximately l in e a r ly  w i th  the pul ley centre distance.
8 .4 .2 . The belt dynamic stiffness coefficient te s t.
The dynamic b e l t  s t i f f n e s s  c o e f f i c i e n t  t e s t  was performed w i t h  the  
same robot configurat ion and the selected pul ley centre distances used in 
the s t a t i c  s t i f f n e s s  t e s t .  With each mass added to  the robo t  l i n k ,  the 
robot l in k  was given a small upward displacement and then released, the
K b ( j )
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r e s u l t i n g  angular  disp lacement o s c i l l a t i o n  t ra c e  was recorded on the 
Datalab Transient recorder. The experiment was then repeated fo r  a small
that the robot l in k  grav i ty  torque can be assumed to  be constant there fore  
changes can be neglected. Figure 8.12 shows a typ ica l  trace recorded during 
the experiment.
Neg lec t ing  the s t a t i c  and dynamic f r i c t i o n ,  the robot  l i n k  to rque  
equi l ibr ium is  given as
downward displacement. The appl ied robot l i n k  d isp lacement was so small
b j , i e 0
( 8.9 )
The periodic t ime is  given as
t n+1 t n
( 8.10 )
2  ir
8.11 )
The amplitude at t ime t n and t n+  ^ are given respectively as
8.12 )
e “  Y j , i  t  n+1
8.13 )
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The lo g a r ith m ic  decrement is  given as
5 . . 
3 , i
In y . . P . . 
T 3,1 3,1
The robot be l t  dr ive natural frequency is  given as
Wn j , i
Where FR . . is  the frequency of o s c i l l a t io n .  
3, i
The be l t  dynamic s t i f fness  coe f f ic ien t  is  given as
o n . .  J -3 , i  i
and the damping coe f f ic ien t  is given as
B . . 
3 , i 2 . y ■ . . - J . 3,1 1
while the damping ra t io  is  given as
B . .
3 , i
J 2 . (o n . .3 , i
( 8.14 )
( 8.15 )
( 8.16 )
( 8.17 )
( 8.18 )
From each t ra c e ,  an average of fo u r  l o g a r i t h m ic  decrements and 
p e r io d ic  t im es  are ca lcu la te d .  Fu r the r  c a l c u la t i o n s  are made from these 
values to obtain the frequency of o s c i l l a t io n ,  the robot be l t  dr ive damping 
c o e f f i c i e n t ,  the robot b e l t  d r iv e  damping r a t i o ,  the robot  b e l t  d r i v e  
c r i t i c a l  damping, the b e l t  dynamic s t i f f n e s s  c o e f f i c i e n t s  and the robot
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b e l t  d r iv e  na tu ra l  frequency using equations 8.15 to  8.18. The r e s u l t i n g  
dynamic s t i f fn e ss  coe f f ic ien ts  of the be l t  against added mass is  shown in 
Figures 8.13 w h i le  the corresponding na tu ra l  frequency p lo t  i s  shown in  
Figure 8.14.
8.5. The dynamic equations of the robot - belt drive.
The torque equi l ib r ium equations fo r  the robot be l t  -  dr ive is  given 
as fo l low.
T GEN = T M + T HD + T BL + T ARM + T GR
( 8.19 )
where
T GEN
T M
HDT
T BL
ARMT
T GR *
Torque generated by d.c motor 
Torque dr iv ing  the d.c motor
Torque dr iv ing the harmonic drive
Torque dr iv ing  the be l t  dr ive 
Torque dr iv ing  the robot l in k  
Torque due to  the robot l i n k  g rav i ty  e f fec t .
The torque equat ions are der ived as f o l l o w s  from the f reebody diagrams
shown in F igure  8.15, assuming no loss of  motion between the motor s h a f t
and dr iv ing end of the harmonic drive.
T P C M =  ^ M 0 M +  ^ 1 0 M +  ( ® M  +  ^ l ) 0 M +  TGEN M M  1 M ' M 1 ' M
( 8.20 )
Assuming a lso  t h a t  the re  is  no loss o f  motion between the  harmonic 
drive and the d r iv ing  pul ley, then is  given as
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Neglecting the encoder dynamics and assuming tha t  there is  no s l ip  
between the pul leys and the be l t  t h is  y ie lds ,
K h d ( 0 2 “ 0 3  ^ = J P 9 3 + B 2 9 3 + K BL  ^ 9 3 " 9 4 ^
( 8.22 )
K BL  ^ 9 3 “ 9 4  ^ + B BL  ^ 9 3 " 9 4  ^  ^ J P + J 1  ^ 9 4
+ B 3 9 4 + T GR
( 8.23 )
Combining the equations 8.20 to  8.23 y ie lds  the fo l lowing equations.
T GEN ( J M + J l  + n J 2 ^ 9 M + n  K HD  ^ 9 M “ 9 3 ^
n
+  ^ ^ M + ^ 1 + n ^ 4  ^ 9 M
( 8.24 )
n K HD  ^ 9 M '  9 3  ) = n J p e 3 + n B 2 9 3
n
+ n K bl  ( 9 3 -  9 4 ) + n B BL ( 9 3 -  9 4 )
( 8.25 )
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n K D, ( e ,  -  9 . )  + n B ( 9 .  -  9 . )
= n J le 9 + B 3 9 + T GR
( 8.26 )
Where
and
T GR ■ ( M q + M . ) 1 . gCos ( 9  4 )
J ,  = J D + J - , .l e P 1 i
S t i f f  equat ions are dynamic equat ions which have d i f f e r e n t  t im e  
constants.  To show t h a t  the robot b e l t  -  d r iv e  equat ions are s t i f f ,  the 
phys ica l  data generated f o r  the robot b e l t  -  d r i v e  l i s t e d  below are 
s u b s t i tu te d  i n t o  equations 8.24 through 8.26 and the r e s u l t i n g  na tu ra l  
frequency and t ime constants are also l i s te d  below.
B M + ^ 1  + n ^ B 4  = 0.0126 10 ” 3 Nm sec /  Rad.
B 2 = 16 Nm sec /  Rad.
J M + J 1 + n 2 0 9 = 1.49 10 “ 3 Kg m 2.M 1 2
PJ D = 6.43 10 ^ Kg m 2.
J -je = 5.80 Kg m 2.
K HD = 81870 Nm /  Rad.
K D1 = 1300.0 Nm /  Rad.
dL
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EQUATION BELT CONDITION NATURAL FREQUENCY 
HERTZ
TIME CONSTANT 
SECOND
24 _ 11.34 0.014
25 TIGHT 226.2 8.4 10 “ 4
25 NO SLACK 104.4 1.52 10 " 3
26 TIGHT 15.86 0.6
26 NO SLACK 15.86 0.6
T h is  c o n f i r m s  t h a t  th e  ro b o t  b e l t  -  d r i v e  dynamic  e q u a t io n s  are 
computational ly s t i f f  since the equations have d i f fe re n t  t ime constants.
8 .6 . The control simulation of the robot belt drives.
I t  i s  now po ss ib le  to  s im u la te  the s in g le  l i n k  b e l t  d r ive n  robot  in  
both open and closed loops using the exper imenta l  r e s u l t s .  The generated 
robot b e l t  d r iv e  dynamic equations are s t i f f  equat ions which re q u i re  a 
special numerical in tegra t ion algorithm to  solve them.
To enhance better  control response, the Gear's rout ine [  74 ]  had been 
employed ins tead  o f  the Runge Kutta 4th order ro u t in e  [  74 ] .  The Gear's 
routine is  avai lable on the Prime Computer under the NAG routines number 
D02EBF. E a r l ie r ,  another Gear's routine number D02BDF was used to  check fo r  
the order of the s t i f fness  of the dynamic equations which was found to  vary 
between 0.6 and 0.99 when d i f fe ren t  control parameters values were added to  
the con t ro l le r .  A s t i f fn ess  order of 1.00 means tha t  the equations are very 
s t i f f  and cannot be solved using D02BDF, there fore  another complex routine 
D02QBF has to  be employed. However, the dynamic equat ions o f  th re e  
d i f fe re n t  dr ive configurat ions simulated were found to  be less than 0.83 
during the control simulat ion.
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The commercial con t ro l le r  used fo r  the robot be l t  - dr ive control is  not a 
conventional three term con t ro l le r  and has the cha rac te r is t ics  of a lead - 
lag phase compensator. I t  is  not possible to determine the proport ional and 
integral gains of the con t ro l le r  as they are in te rac t ive .  I t  was f e l t  tha t  
the only approach was to  inc lude  a convent ional  P.I.D c o n t r o l l e r  in  the 
simulat ion program to  show the effects  of the three terms on the systems 
dynamic performances.
The three configurat ions are:
( i )  A d.c motor - harmonic dr ive - be l t  dr ive configurat ion ( Type A ).
( i i )  A d.c motor -  be l t  dr ive - harmonic dr ive configurat ion ( Type B ).
( i i i )  A d.c motor - harmonic dr ive configurat ion ( Type C ).
The control algorithms fo r  these dr ive configurat ions includes a P.I.D
con t ro l le r  wi th  feedback gains and Figure 8.20 shows the respective block 
diagrams f o r  the systems. The c o n t ro l  a lg o r i th m s  f o r  these d r i v e  
configurat ions are given in Appendix F.
The closed loop step response f o r  an angular  d isp lacement demand of
0.7854 radians ( 45 0 ) f o r  the systems were s im u la ted  and F igure  8.17 to  
8.19 show the resul ts  of the simulat ion. Figure 8.17 shows two closed loop 
responses of the d r iv e  c o n f ig u r a t io n  A w i th  gain values o f  3.00 and 
d e r i v a t i v e  gain values of  0.0 and 0.30 re s p e c t i v e l y .  The a d d i t i o n  o f  a 
d e r i v a t i v e  gain o f  0.3 reduced the o s c i l l a t o r y  e f f e c t  o f  the  use of  
proport ional gain of 3.0. Figure 8.18 shows the closed loop step responses 
of of  the d r iv e  c o n f ig u r a t io n  B w i th  p r o p o r t io n a l  gain value o f  10.00. 
F igure 8.19 i s  the step response of the d r iv e  c o n f ig u r a t io n  C w i th  
proport ional gain value of 10.0. I t  is  there fore  possible to  vary the three 
terms of the c o n t r o l l e r  in  order to  show the e f f e c t s  on the  dynamic
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response o f the robot b e lt  -  d r iv e .
8 .7 . The validation of the RADSP for the robot -  belt drive.
The RADSP was set  up f o r  the s im u la t io n  of  a s in g le  l i n k  b e l t  d r ive n  
robot, the robot physical parameters generated in t h i s  Chapter were used to 
i n i t i a l i z e  the program. The single l in k  be l t  dr iven robot w i th  no load was 
made to undergo a step input of 0.7854 radians ( 90 0 ) wi th  some overshoot 
w h i le  the vo l tage  drop across the motor,  the motor c u r re n t ,  the tacho 
voltage and the encoders angular displacement readings were gathered on the 
DAS. The gathered encoders data were analyzed and fed in to  the s imulat ion 
program as the desired j o i n t  motion. The angular pos i t ion step response of 
t h i s  t e s t  i s  shown in  F igure 8.20 and the r e s u l t i n g  motor c u r re n t  was 
compared wi th  the measured motor current and presented in Figure 8.21.
The same experiment was performed fo r  the robot l i n k  when carry ing a 
10kg load. The step response of  t h i s  t e s t  i s  shown in  F igure 8.22 and the  
resu lts  of t h is  va l ida t ion  tes t  is  shown in Figure 8.23.
From the r e s u l t s  of  the v a l i d a t i o n  t e s t s ,  F igures 8.21 and 8.23, the 
di f ference between the calculated and measured currents are mainly due to  
the s t a t i c  and dynamic f r i c t i o n s  and the ga the r ing  and ana lys ing  o f  the 
experimental data which are pronounced at the i n i t i a l  and f in a l  stages of 
the p lo ts .  There fo re ,  i f  the c o r re c t  robot phys ica l  and d r iv e  parameters 
values are given, the RADSP w i l l  calculate the required j o i n t  torque needed 
t o  d r iv e  the robot w i t h i n  these l i m i t s .  This i s  f e l t  t o  be s u f f i c i e n t l y  
accurate to  va l idate  the simulat ion program fo r  a single l i n k  be l t  dr iven 
robot.
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8 . 8 .  D i s c u s s i o n .
The va l ida t ion  of the robot arm dynamic s imulat ion package fo r  a robot 
- b e l t  d r iv e  can only  be c a r r ie d  out w i th  the use of  exper imenta l  
s t ructura l  and dr ive parameters values. To achieve th is  aim, a s ing le l in k  
b e l t  d r iven  robot had been constructed and c a l i b r a t e d  to  enhance the 
val idat ion of RADSP.
The d e t e r m i n a t i o n  o f  th e  b e l t  s t a t i c  and dynamic  s t i f f n e s s  
c o e f f i c i e n t s  had shown th a t  i t  i s  acceptable to  assume t h a t  the  b e l t  
s t i f f n e s s  c o e f f i c i e n t  i s  main ly due to  the b e l t  cord and to  use the 
s i m p l i f i e d  b e l t  s t a t i c  s t i f f n e s s  c o e f f i c i e n t  equat ion which i s  a l i n e a r  
equation. However, i t  had been shown that when the be l t  dr ive is  posit ioned 
in an horizontal axis mode, the be l t  s t i f fness  coe f f ic ien ts  were found to  
vary between 600 and 1300 Nm/rad. This var ia t ion  is  a d i rec t  resu l t  of the 
change in the robot l i n k  moment of in e r t ia  resu l t ing  in the change of the 
overal l  load on the be l t  and the subsequent change in the be l t  tension. The 
b e l t  d r iv e  damping r a t i o  i s  found to  be under 0.2 and the damping 
coe f f ic ien t  is  found to  vary between 4.0 and 13.0 Nm/rad.
The ana lys is  of  the robot dynamic equat ions had shown t h a t  the  
equations are com pu ta t io n a l ly  s t i f f  and of  o rder  0.83. The c o n t ro l  
s im u la t io ns  of  d i f f e r e n t  robot d r ive  c o n f ig u r a t io n s  us ing the  Gear's 
routine had shown tha t  i t  is  possible to  vary the three terms of the P.I.D 
con t ro l le r  in order to  see the ef fects  on the dynamic response of the robot 
b e l t  -  dr ive.
The natural frequencies of the d i f fe re n t  be l t  dr ive configurat ions are 
found to be very high when there is  a motion input from the harmonic dr ive. 
From the work of  Ulsoy et a l ,  the high values of  the na tu ra l  f reque nc ies
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are found not to  be unexpected since the value quoted fo r  t h e i r  be l t  dr ive 
experiment is 200 Hertz. The be l t  dr ive natural frequency is  found to be 
d i re c t ly  proport ional to  the be l t  tension as shown in Section 8.4.
The RADSP had been v a l id a te d  f o r  a s in g le  l i n k  b e l t  d r iven  robot and 
the re s u l t s  of the v a l i d a t i o n  t e s t s  were found to  be acceptab le .  The 
experimental errors associated wi th  the tes ts  were found to be mainly due 
to  the s t a t i c  and dynamic f r i c t i o n s  and the g a the r ing  and ana lys ing  o f  
experimental data.
In the next chapter, the conclusions and recommendations fo r  fu ture  
work is  presented.
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Belt drive.
■Harmonic drive 
__D.c motor.
Robot link.
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Belt drive. J 
D.c motor. }
■Harmonic drive.
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Robot Link.
r  "I
Harmonic drive. 
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I. 8-1: A schematic sketch of d i f f e re n t  robot be l t  -  dr ive con f igu ra t ions .
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Fig. 8-2: A schematic sketch of different 
robot belt - drive belt tensioners.
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1. The mild steel Added masses.
2. The second toothed b e lt.
3. The robot lin k .
4. The robot belt -  drive clamping device.
5. The SKF ball bearings and plummer blocks.
6. The driven pulley transmission shaft.
7. The Printed O.c motor.
8. The Printed Tachogenerator.
9. The d.c motor supporting block.
10. The Harmonic drive.
11. The driving pullley transmission shaft.
12. The Belt Drive : Two pulleys and a toothed belt,
13. The Flexible Couplings.
14. The Incremental Encoders.
15. The incremental encoder supporting block.
16. The mechanical lim its stop.
17. The Belt Tensioner.
F i g .  8 -4 :  A sc h e m a t ic  s k e tc h  o f  th e  rob ot  b e l t  -  d r iv e  t e s t  r i g .
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F i g .  8 -5 :  A sc h e m a tic  s k e tc h  o f  t h e  robot  l i n k  under c e n tr e  o f  mass t e s t .
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Fig. 8-6: The robot link centre of mass against added mass.
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F i g .  8 -7 :  A sc h e m a t ic  s k e tc h  o f  t h e  robot l i n k  under moment o f  i n e r t i a  t e s t .
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F i g ,  8 - 8 :  The p e r io d ic  t im e  o f  one o s c i l l a t i o n  a g a in s t  added m ass .
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Fig. 8-9: The robot link moment of inertia against added mass.
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Fig. 8-10: The angular displacement against robot link gravity torque 
• E. Somoye Dec e m b e r  1985.
St
at
ic
 
St
iff
ne
ss
 
C
oe
ffi
ci
en
t 
( X 102
44 9 4  449B 4 4 9 8  4 5 0 0  4 5 02  4 5 0 4
C e n tre  D is ta n c e  ( mm ) . X10 - 1
Fig. 8-11: The s ta tic  stiffness coefficients against 
pulleys' centre distance.
4 5 0 6
E. Somoye December 1 9 8 5 .
PERIOD .> FKhWUhNLT .• l x r  r  iiusfo , 
DAMPING COEFF , NAT FREQ 
.414
2 .4 1 5 4 58 9 37 2  
1088 .986189 78  
11 .29 960 95619  
15 .22 4 34 1 0 0 66  
.407
2 .4 57 0 0 2 4 5 7
1123 .89807201
8 .8 4 2 4 1 5 9 6 2 6 3
1 5 .4 6645 49194
.381
2 .6 24 67 1 91 6 0 1  
1286 .02170711  
1 2 .44 754534 14  
1 6 .54 4 4 1 69 4 97  
.352
2 .8 40909 09091  
15 04 .4 18 0 67  
1 1 .8 1 27 8 3 23 5 6  
17 .8941711611  
AVERAGE VALUES A R E:
.3885
2 .5 8 4 5 1 0 6 0 0 2 8  
1 2 50 .831088 98  
11 .10 0 58 8 5 2 54  
16 .28 2 34 6 0 0 92
ANGULAR D j f S P .  <RRD>
'5*
ro
o
m
O'J
m
Fig. 8-12: A typ ical angular displacement trace recorded 
during the dynamic stiffness coeffic ient tes t.
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: The dynamic s t i f fn e s s  c o e f f ic ie n ts  aga inst added mass.
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Fig. 8-  15 A freebody diagram of the robot be l t  -  d r iv e .
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F ig . 8- 16: The c losed loop b lock  diagrams o f the  d if fe r e n t  robot
b e lt  -  d r iv e  co n fig u ra tio n s .
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F i g .  8 -1 7 :  The a n g u la r  d is p la c e m e n t  s t e p  r e sp o n s e  o f  t h e
rob ot  b e l t  -  d r i v e  c o n f ig u r a t io n  Type A.
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Fig. 8 - i s  The angular displacement step response of the robot 
b e l t  -  d r ive  conf igurat ion Type B.
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9 . CONCLUSIONS AND RECOMMENDATIONS.
9.1.  Conclusions.
A f t e r  a survey of  e x i s t i n g  l i t e r a t u r e  on robot research, i t  was 
apparent t h a t  l i t t l e  work had been done in  the  area of  general dynamic 
s im u la t io n  of  i n d u s t r i a l  robots which possessed the f a c i l i t y  f o r  qu ick 
evaluation of d i f fe re n t  robot structure and dr ive configurat ions. Also, i t  
was found that  no work had been reported using a modular s tructure in the 
s im u la t io n  program which i s  esse n t ia l  f o r  t h i s  purpose. The Robot Arm 
Dynamic Simulat ion Package (RADSP) was therefore developed to  provide rapid 
assessment of indus t r ia l  robot using modular computation.
To achieve the aims of the pro ject ,  a comparison of d i f fe re n t  methods 
used in the formulat ions of robot dynamic equations was conducted and the 
freebody method was chosen fo r  i t s  s im p l i c i t y  and short procedures together 
w ith i t s  com pa t ib i l i t y  with the modular concept. The freebody method was 
employed in  the m ode l l ing  o f  s e r ia l  l i n k  robots on the assumption t h a t  
C o r i o l i s  and gyroscop ic  torques terms were i n s i g n i f i c a n t  in  the robot 
torque equations at robot ve loc i t ies .
An indus t r ia l  robot is  made up of four main parts , the c o n t ro l le r ,  the 
power actuator, the j o i n t  and the l in k .  Algorithms were generated fo r  these 
components which were fu r the r  developed in to  computer modules. The RADSP is  
composed o f  these modules which a lso inc ludes  the inverse  k in e m a t ic ,  
t r a j e c t o r y  p lann ing ,  r e s u l t ,  geometr ica l  modeling and graph p l o t t i n g  
package modules.
The DRIVE module consists of a su i te  of subroutines representing a PID 
con t ro l le r ,  hydraul ic  actuators and a d.c motor. The JOINT module includes 
the subroutines fo r  a pr ismatic , revolute and cy l in d r ic a l  j o in t s .  The LINK
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module cons is ts  of a l l  the subrout ines f o r  the generations of  the robot 
kinematic and dynamic responses. For two given posit ions, the s t ra igh t  l i n e  
and spherical paths subroutines consti tu te  the t ra jec to ry  planning modules. 
The Inverse kinematic module is  wr i t ten fo r  the so lu t ion  of the Asea IRb6 
robot inverse kinematic problem. The re su l t  module gathers the re su l ts  of 
a l l  the modules and present them in a 3 x 16 m a t r ix  which serves as an 
inp u t  f o r  the geometr ica l  model 1ing and graph p l o t t i n g  packages. The 
geometr ical  m o d e l l in g  module employs the use of  a sphere f o r  the 
rep resen ta t ion  of the robot j o i n t  and a re c ta n g u la r  b lock  f o r  the 
rep resen ta t ion  o f  the robot l i n k .  The graph p l o t t i n g  module p l o t s  the 
resu l ts  of the simulat ion program against time or angular displacement. The 
RADSP employs a sequen t ia l  c a l l  to  the program modu1es as d iscussed in  
Chapter 5.
The s im u la t io n  program has been employed f o r  the e v a lu a t i o n  o f  the 
k inemat ic  and dynamic responses of the Asea IRb6 robot us ing the  data 
suppl ied by the robot manufacturer. Also* the va l ida t io n  of the s imulat ion 
program had been conducted on th is  robot fo r  three upper l in k s .  The re su l ts  
of  the v a l i d a t i o n  work w i t h in  the l i m i t a t i o n s  o f  the experiments  were 
favourable fo r  the end - e f fec to r  and the upper l i n k  but the resu l ts  of the 
lower l i n k  cannot be val idated because excess current is  suppl ied to  the 
d.c motor to  res is t  the reactions from other l inks .
In o rder  to  val  id a te  the simul at ion program f u r t h e r ,  a s in g !  e 1 ink  
be l t  dr iven robot was designed and constructed fo r  the v a l id a t io n  of the 
robot be! t  d r i  ve. Experiments were performed to  e v a lu a te  the robot  l i n k  
mass, cen tre  of mass and moment of i n e r t i a ,  and the b e l t  d r i v e  s t a t i c  and 
dynamic st i f fnesses.  These values were employed fo r  the contro l s imulat ion 
of  the robot w i th  th ree  d i f f e r e n t  d r i v e  c o n f ig u r a t io n s .  The c o n t r o l l e r  
employed fo r  the simulat ion was a PID c o n t r o l l e r  which was used to  eva luate
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the control parameters fo r  these d r ive  conf igurat ions. The resu l ts  of the 
control simulat ion showed tha t  better control responses were achieved i f  
the b e l t  was placed before the harmonic d r ive  which then drove the robot 
arm rather than the b e l t  d r iv in g  the robot l i n k  d i r e c t l y  and the harmonic 
d r ive  positioned between the motor and the be l t .
The co n t ro l  s im u la t io n  exerc ise  t h e re fo re  forms the basis f o r  the 
c o n t ro l  module which has been w r i t t e n  and added to  the  RADSP. A ls o ,  the 
robot b e l t  d r ive  has been employed fo r  the va l ida t ion  of the RADSP. Since 
the re  are no r e s t r i c t i o n s  on the use of the robo t ,  the r e s u l t s  of  the 
v a l i d a t i o n  t e s t  on the robot b e l t  d r i v e  showed good r e s u l t s .  This was 
because the experiments which were performed to  e v a lu a te  the  robot  l i n k  
moment of in e r t ia  and the b e l t  s t i f fness  were better than the approximate 
values given by ASEA ROBOTICS fo r  the Asea IRb6 robot.
Within the l im i ta t io n s  of the va l ida t io n  experiments conducted on the 
Asea IRb6 robot and the robot b e l t  d r ive ,  the RADSP has been va l ida ted  fo r  
a three l i n k  robot and most espec ia l ly  fo r  a robot b e l t  d r ive .
The s im u la t io n  program is  a v a i l a b l e  in  th ree  v e rs io n s ,  the f i r s t  
vers ion  i s  the forward s im u la t io n  of a 10 l i n k  s e r i a l  robo t ,  the second 
version is  the backward simulat ion of a f i v e  degrees of freedom robot with 
the Asea IRb6 robot configurat ion and the t h i r d  version is  the use of the 
program modules by an exper ienced user t o  generate h is  own program. To 
s im p l i fy  the th i r d  version of the RADSP, the DRIVE, JOINT and LINK modules 
has been combined to generate an ARMSYS module thereby a l low ing  a robot arm 
system to  be modelled.
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9 . 2 .  Recommendations f o r  f u tu r e  work.
1. The extension of the Robot Arm Dynamic S im u la t io n  Package f o r  the 
s im u la t io n  of  f l e x i b l e  robot l i n k s  and the assessment of  the k in e m a t ic  
errors due to  bearing wear and j o in t  misalignment.
2. The extension of  the RADSP should a lso  inc lud e  the s im u la t io n  o f  
pneumatic ac tua to rs  in  order to  increase the  range of  robots  th a t  can be 
designed using the computer package.
3. The work on the robot belt  dr ive should also be extended to  a two l i n k  
robot f o r  the i d e n t i f i c a t i o n  and c a l i b r a t i o n  o f  the se r ies  and p a r a l l e l  
b e l t  d r iv e  c o n f ig u ra t io n .  I t  should inc lud e  both ve r t ica l  and horizontal 
axes robots and the use of d i f fe re n t  be l t  tensioners. Optimisation of dr ive 
configurat ions fo r  weight d is t r ib u t io n  and dynamic performance can then be 
undertaken using the RADSP.
4. The appl icat ion of the RADSP fo r  the assessment of the kinematic and 
dynamic performance of  i n d u s t r i a l  robots .  The use of  a device which can 
monitor the l inea r  and or ientat ion motion of the end - e f fec to r  needs to  be 
sought f o r  t h i s  work so t h a t  the very complex models invo lved  may be 
val idated.
5. The use of a better geometrical package should also be sought and work 
needs to  be c a r r ie d  out on the USERS' INTERFACE i f  the  program i s  t o  be 
used commercial ly.
A. E. Somoye December 1985.
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Appendix A.
The Harmonic d r iv e  l o s s  motion e q u a t io n .
The harmonic d r iv e  manufacturer has given the  fo rm u la  f o r  the 
c a lc u la t io n  o f the  loss  motion due to  backlash which can be added to  the 
load angular displacement and i t  is  given in the harmonic d r ive  l i t e r a tu r e  
[  95 ]  as fo l lo w .
T . . 57.29578 . 60.0 + BL [  Arc minute ]
Q = ---------------------------
loss ^
L
( A.l )
Reversing the gear
2 . T . . 57.29578 . 60.0 + BL [  Arc minute ]
9 -i =--------------- ------------------------------------------loss q
L
( A.2 )
Therefore,
9 L ( actual ) 9 L ( ideal ) ’  9 loss
( A.3 )
Where
S ^ is  the mean spring rate of f le x is p l in e  [  Nm /  rad ]
T ^ is  the load torque [  Nm ]
BL is  the gear backlash [  Arc minute ]
The harmonic d r ive  model can be derived from a normal gear t r a in  model w ith  
the a d d i t io n  o f the  loss  motion due to  the  gear t r a i n  backlash and the  
compliance of the f le x is p l in e .
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APPENDIX B.
THE RADSP USERS' GUIDE.
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APPENDIX B.
The RADSP Users' Guide.
The Robot Arm Dynamic Simulation Package ( RADSP ) is  designed fo r  the 
ra p id  design and assessment o f the k inem atic  and dynamic responses of 
In d u s tr ia l robots. The package is  w r it ten  in FORTRAN 77 and is  executed on 
the U n v e rs ity  Prime computer. The package can a ls o  be executed on any 
microcomputer w ith s u f f ic ie n t  memory space and FORTRAN 77 f a c i l i t y .
This Users' Guide is  w r it te n  fo r  the Prime version. The RADSP consists 
o f the f o l lo w in g  program modules; INITAL, DRIVE, JOINT, LINK, RESULT, 
GEOMOD, GRAPOT, INVKIN and TRAJET. The INITAL module se ts  up the 
communication between the User and the program and generates the matrices 
fo r  the other program modules. The INITAL must therefore be the f i r s t  c a l l  
in  a l l  s im u la t io n  program. The DRIVE module represents  the  robo t power 
actuators and model motions. The DRIVE therefore can be used fo r  one of the 
fo llow ing:
a) Model motion which can be e ith e r a t r ia n g u la r  or cam motion.
b) A contro l s imulation of a d.c motor, harmonic d r ive  and robot l in k
con figura tion .
c) A contro l s imulation of a d.c motor, harmonic d r iv e , b e l t  d r iv e  and
robot l in k  configuration.
d) A contro l s im ulation of a d.c motor, b e l t  d r iv e ,  harmonic d r iv e  and
robot l in k  configuration.
e) A control s imulation of a general power actuator.
The JOINT module generates the motion matrices which are used by the LINK 
module f o r  the c a lc u la t io n  of the k inem atic  and dynamic responses. The 
RESULT module c o l le c ts  a l l  the output from the afore - mentioned modules 
and presents them in  a 3 x 16 m atrices which are used by the GEOMOD and
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GRAPOT modules. The GEOMOD is  the geom etr ica l m o de ll ing  module which 
represents the robot jo in t  by a sphere and the robot l in k  by a rectangular 
b lock. The GRAPOT is  the  graph p lo t t in g  package which can p lo t  se lec ted  
re s u l ts  or a l l  the re s u l ts  o f the s im u la t io n  program. The TRAJET is  the 
t ra je c to ry  planning module and i t  generates a spherical or s tra ig h t l in e  
path between two given p o s i t io n s .  The INVKIN is  the inve rse  k in e m a tic  
module fo r  the Asea IRb6 robot. The input and output data fo r  each program 
module are given as fo l lo w s .
SUBROUTINE IN ITAL(I,11,INER,PHYLNK,PRELNK,SAMMAT,STATOQ,POSMAT,
PREMAT,RADRAD,ANGRAD,JNT,R0T1,PRVMAP,OREMAT,
ITOT, IMOT, IMT,AJNT,ATOT,AVMAX) 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
THIS IS THE INITIAL MODULE.
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
I : DESIGNATES THE LINK NUMBER.
I I  : THE LINK'S MODEL IDENTIFIER. 1 FOR DISTRIBUTED MASS SYSTEM AND 2 FOR
LUMPED MASS SYSTEM.
INER : MOMENT OF INERTIA OF PRESENT LINK.
PHYLNK : THE PHYSICAL PARAMETER MATRIX OF LINK ( I )
PRELNK : THE LINK MASS POSITION MATRIX ABOUT AXIS OF ROTATION.
SAMMAT : LINK MASS VECTOR.
STATOQ : THE HOLDING OR STATIC TORQUE.
POSMAT : THE LINEAR MOTION MATRIX OF PRESENT LINK.
ROTMAT : THE ROTATION MATRIX OF PRESENT LINK.
PRVMAP : THE COMBINATION ROTATION MATRIX OF PREVIOUS JOINTS.
OREMAT : THE ORIENTATION MATRIX OF THE TOOL P.
PREMAT : THE LINEAR MOTION MATRIX OF PREVIOUS LINK.
RADRAD : THE LINEAR DISPLACEMENT VECTOR OF PREVIOUS AXIS FRAME SYSTEM.
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ANGDEG : THE ANGULAR MOTION VECTOR IN DEGREES.
ANGRAD : THE ANGULAR MOTION VECTOR IN RADIANS.
JNT : JOINT IDENTIFIER. 'P* FOR PRISMATIC JOINT AND 'R* FOR REVOLUTE 
JOINT.
ROT1 : THE SPECIFIC JOINT ROTATION.
PREMAP : THE COMBINATION MATRIX OF PREVIOUS AND PRESENT JOINTS.
REAL INER 
LOGICAL EXISTS 
CHARACTERS ANS 
CHARACTERS ROTl,JNT 
CHARACTER*32 FNAME
DIMENSION INER(3,3),PRELNK(3,3),STAT0Q(3),P0SMAT(3,3),R0TMAT(3,3) 
,PREMAT(3,3),ANGDEG(3),ANGRAD(3), PRVMAP(3 ,3 ) ,0REMAT(3,3), 
PL0(3),XYZ(3),XZY(3),R0X(3,3),R0Y(3,3),R0Z(3,3),
PRE(3),POSI(3 ) ,PHYLNK(3,4),SAMMAT(3 ) ,RADRAD(3), PREMAP(3,3)
The only input is  I while the other arguments are ouput.
SUBROUTINE DRIVE
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
THIS IS THE DRIVE MODULE. 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
IMOT : TYPE OF DRIVE IDENTIFIER
1 FOR THE DESIRED JOINT MOTION.
2 FOR THE TYPE 1 DRIVE CONFIGURATION (DC, HD, ROBOT LINK)
3 FOR TYPE 2 DRIVE CONFIGURATION (DC, HD, BL & ROBOT LINK)
4 FOR TYPE 3 DRIVE CONFIGURATION (DC, BD, HD & ROBOT LINK)
5 FOR THE GENERAL POWER ACTUATOR.
IMT : TYPE OF MOTION IDENTIFIER, 1 FOR TRIANGULAR & 2 FOR CAM MOTIONS 
AJNT : THE DESIRED ANGULAR DISPLACEMENT.
ATOT : TOTAL TIME
AVMAX : MAXIMUM VELOCITY ALLOWED.
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ANGRAD : INITIAL ANGULAR MOTION 
RADRAD : INITIAL RADIAL MOTION.
JNT : TYPE OF JOINT IDENTIFIER 
ROT1 : TYPE OF ROTATION IDENTIFIER 
ANGMAT : THE OUTPUT ANGULAR MOTION MATRIX 
RADMAT':  THE OUTPUT RADIAL MOTION MATRIX 
ICOUNT : THE COUNT.
ITOT : TOTAL NUMBER OF COUNT.
CHARACTERS JNT,ROTl
C0MM0N/D0VE1/IM0T,IMT,AJNT,AT0T,AVMAX,ANGRAD(3), RADRAD(3)
COMMON/JONT1/JNT,ROT1
COMMON/OUTD1/ANGMAT(3 ,3 ) ,RADMAT(3,3)
COMMON/COUNT/ ICOUNT 
DIMENSION AMAT(3)
The only ouput fo r  th is  module are ANGMAT and RADMAT while  other arguments 
are in p u t.  Because o f the  co m p le x ity  o f t h i s  module i t  is  e a s ie r  to  use 
common blocks instead of arguments.
SUBROUTINE JOINT(JNT,ROTl,R0T2,R0T3,ANGMAT,RADMAT,ROTMAT) 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
THIS IS THE JOINT MODULE.
JNT : JOINT IDENTIFIER. 'P* FOR PRISMATIC JOINT AND 'R' FOR REVOLUTE 
JOINT.
ROT1 TO R0T3 : THE ORDER OF JOINT CONFIGURATION 
ANGMAT : MOTION MATRIX FROM DRIVE SYSTEM.
POSMAT : MOTION MATRIX OUTPUT OF JOINT WHICH CAN BE EITHER A ROTATIONAL OR 
TRANSLATIONAL.
ROTMAT : ROTATION MATRIX OF PRESENT JOINT.
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RADMAT : THE TRANSLATIONAL PARAMETERS OF MOTION.
CHARACTERS R0T1,R0T2,R0T3,Z8,Z9,JNT 
PARAMETER(Z8 = 'P ',Z9 = 'R ')
DIMENSION RADMAT (3,3),ANGMAT (3 ,3 ) ,ROT MAT (3,3)
The only output from th is  module is  ROTMAT and the others are inpu t.
SUBROUTINE LINK( I I , SAMMAT, INER, PRELNK, ROTMAT, PRVMAP,ANGMAT, 
RADMAT,PRVMAT,PRV0RE,PRVMUM,PRVFOR,PRVHUM, 
PRVTOQ,PREMAT,PREORE,PREMUM,PREFOR,PREHUM, 
PRETOQ,PREMAP)
THIS IS THE LINK MODULE. THE LINK CAN BE REPRESENTED AS BOTH 
LUMPED OR DISTRIBUTED MASS SYSTEM.
I I  : THE LINK'S MODEL IDENTIFIER. 1 FOR DISTRIBUTED MASS SYSTEM 
AND 2 FOR LUMPED MASS SYSTEM.
SAMMAT : THE LINK MASS VECTOR.
INER : THE LINK'S MOMENT OF INERTIA MATRIX.
PRELNK : THE INITIAL POSITION VECTORS OF LINK'S MASSES.
ROTMAT : THE PRESENT JOINT ROTATION MATRIX.
PRVMAP : THE COMBINATION MATRIX OF PREVIOUS JOINTS.
ANGMAT : THE ANGULAR DISPLACEMENT MATRIX OF PRESENT JOINT.
RADMAT : THE RADIAL MOTION MATRIX OF PRESENT JOINT.
PRVMAT : THE LINEAR MOTION MATRIX OF THE PREVIOUS LINK.
PRVORE : THE SUMMATION OF ORIENTATION VECTORS PRESENTED AS A MATRIX.
PRVMUM : THE REACTION LINEAR MOMENTUM VECTOR DUE TO PREVIOUS LINK.
PRVFOR : THE REACTION FORCE VECTOR DUE TO PREVIOUS LINK.
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PRVHUM : THE REACTION ANGULAR MOMENTUM VECTOR DUE TO PREVIOUS LINK.
PRVTOQ : THE REACTION TORQUE VECTOR DUE TO PREVIOUS LINK.
PREMAT : THE LINEAR MOTION MATRIX OF PRESENT LINK.
PREORE : THE PRESENT LINK ORIENTATION MATRIX.
PREMUM : THE LINK'S LINEAR MOMENTUM VETOR.
PREFOR : THE LINK'S FORCE VECTOR.
PREHUM : THE LINK'S ANGULAR MOMENTUM VECTOR.
PRETOQ : THE LINK'S TORQUE VECTOR.
PREMAP : THE COMBINATION MATRIX OF PREVIOUS JOINTS AND PRESENT JOINT. 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
REAL INER
DIMENSION SAMMAT(3),INER(3,3),PRELNK(3,3),ROTMAT(3,3),
PRVMAP(3 ,3 ) ,ANGMAT(3 ,3 ) .RADMAT(3 ,3 ) ,PREMAT(3 ,3 ) ,
PRVORE(3 ,3 ) ,PRVMUM(3 ) ,PRVFOR(3 ) ,PRVHUM(3 ) ,PRVTOQ(3), 
PRVMAT(3,3).PREORE(3 ,3 ),PREMUM(3).PREFOR(3 ) ,PREHUM(3), 
PRET0Q(3),AA(3,3),BB(3,3),CC(3,3),DD(3,3),EE(3,3),
FF(3,3),GG(3,3),HH(3,3),PP(3,3),RADP0S(3),RADVEL(3),
RADACC(3 ) ,ANGPOS(3 ) ,ANGVEL(3 ) ,ANGACC(3),RADLNV(3,3), 
RADLNA(3,3) ,P0SLNK(3,3),VELLNK(3,3),ACCLNK(3,3),PREMAP(3,3) 
A l l  arguments with PRE are output while a ll other arguments are input.
SUBROUTINE ARMSYS 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
THIS IS THE ARM SYSTEM MODULE. 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
CHARACTER*2 JNT,ROTl
REAL INER
COMMON /L0NK1/SAMMAT(3),INER(3,3),PRELNK(3,3),PHYLNK(3,4)
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,STATOQ(3),POSMAT(3,3),II,OREMAT(3,3),ROTMAP(3,3) 
COMMON/DOVE1/IMOT, IMT,AJNT,ATOT,AVMAX, ANGRAD( 3 ) ,RADRAD(3)
COMMON/CONT/ITOT
COMMON/OUTD1/ ANGMAT(3 ,3 ) ,RADMAT(3,3)
COMMON/COUNT/ICOUNT
COMMON/OUTLO/ PRVMAT(3,3),PRVORE(3,3),PRVMUM(3),PRVHUM(3), 
PRVF0R(3),PRVT0Q(3),PRVMAP(3,3)
COMMON/OUTL1/ PREMAT(3,3),PRE0RE(3,3),PREMUM(3),PREHUM(3),
PREFOR( 3 ) ,PRETOQ( 3 ) ,PREMAP(3,3)
This module shares the same input and output data w ith  the DRIVE, JOINT and 
LINK modules.
SUBROUTINE TRAJET( IPATH, ITRAJ, POSIN, POSFN, PATH) 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
THIS IS THE TRAJECTORY PLANNING MODULE. 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
IPATH : THE PATH IDENTIFIER, 1 FOR SPHERICAL AND 2 FOR STRAIGHTLINE.
ITRAJ : THE TOTAL NUMBER OF DIVISIONS.
POSIN : THE INITIAL POSITION.
POSFN : THE FINAL POSITION.
PATH : THE TRAJECTORY BETWEEN POSIN AND POSFN
DIMENSION P0SIN(3),P0SFN(3),PATH(3,ITRAJ)
The only output is  PATH while the other arguments are inpu t.
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SUBROUTINE GRAPOT(IJOINT.ITOT)
THIS IS THE GRAPH PLOTTING MODULE 
★ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
IUOINT : JOINT IDENTIFIER.
ITOT : TOTAL NUMBER OF POINTS.
CHARACTER DEV*2
DIMENSION A(1000),B(1000),C(1000),T(1000)
Both arguments are input.
SUBROUTINE INVKIN( ITRAJ.OREMAT, PATH, PHYLN1, PHYLN2, PHYLN3,
PHYLN4.PHYLNK5.ANGLT1,ANGLT2,ANGLT3,ANGLT4, 
ANGLT5.FNAME)
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
THIS IS THE INVERSE KINEMATIC MODULE OF THE ASEA IRB6 ROBOT. FOR SIMPLICITY 
THE ROBOT IS MADE TO KEEP CONSTANT END - EFFECTOR ORIENTATION THROUGHOUT 
THE PATH.
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
ITRAU : TOTAL NUMBER OF PATH DIVISION 
OREMAT : THE DESIRED ORIENTATION MATRIX 
PATH : THE DESIRED TRAJECTORY.
PHYLN1 TO PHYLNK5 : THE PHYSICAL PARAMETER MATRICES OF THE ROBOT LINKS.
ANGLT1 TO ANGLT5 : THE ANGULAR MOTION MATRICES OF THE JOINTS.
FNAME : THE OUTPUT FILE NAME. 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
CHARACTER FNAME*32
DIMENSION ANGLT1 (3,3),ANGLT2(3,3),ANGLT3(3,3),ANGLT4(3,3),
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ANGLT5(3,3),PHYLN1(3,3),PHYLN2(3,3),PHYLN3(3,3),PHYLN4(3,3), 
PHYLN5(3 ,3 ) ,PATH(3 , ITRAJ) , OREMAT(3,3)
The only output is  FNAME which is  the output f i l e .
SUBROUTINE GE0M0D(DIM,ANG) 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
THIS IS THE GEOMETRIC MODELLING MODULE. 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
DIM : THE LINK DIMENSIONS.
ANG : THE JOINT ANGULAR DISPLACEMENTS 
DIMENSION DIM(3),ANG(3)
SUBROUTINE RESULT(PREORE,ANGMAT,RADMAT,PREMAT, PREMUM, PREFOR,
PREHUM, PRETOQ,RESMAT)
DIMENSION PREORE(3 ,3 ) ,ANGMAT(3 ,3 ) ,RADMAT(3 ,3 ) ,PREMAT(3 ,3 ) ,
PREMUM(3),PREF0R(3),PREHUM(3),PRET0Q(3),RESMAT(3,16)
With the use of these program modules, forward and backward dynamic 
s im u la t io n  program can be w r i t t e n  and executed. Example program are 
ava ilab le fo r  both the forward and backward s im ulation of In d u s tr ia l  robots 
and they are FORWARD and BACKWARD respective ly. The FORWARD is  a forward 
s imulation program fo r  a ser ia l l in k  robot w ith  maximum number of ten l in k s  
w h i le  the BACKWARD is  the  backward s im u la t io n  program f o r  the  Asea IRb6 
robo t. The fo rm a t f o r  both fo rw ard  and backward s im u la t io n  programs are 
shown respective ly in Figures B.l and B.2 and these format must be obeyed at
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a l l  times.
To run the FORWARD program, the command is
FTN77 FORWARD -LGO -RLB RADSPBASS LIB>VGIN0 NAG>NAG10A
and the command fo r  the BACKWARD program is
FTN77 BACKWARD -LGO -RLB RADSPBASS LIB>VGINO NAG>NAG10A 
The command fo r  any program w r it te n  is
FTN77 PROGNAME -LGO -RLB RADSPBASS LIB>VGIN0 NAG>NAG10A
To input data in to  the s imulation program i t  is  important to  know how
the program in te rp re ts  the robot. I n i t i a l l y ,  the robot l in k  is  assumed to
l i e  on the Y -  ax is  as shown in  F igure B.3 and w ,l and h are the  w id th ,
len g th  and he igh t re s p e c t iv e ly .  The ax is  o f r o ta t io n  ( x p, y , z p ) i s
given w i th  respect to  p o s i t io n  A as shown in  F igure  B.3. From the  a x is  o f
ro ta t ion , the pos it ion  of the the t i p  load ( x .^ , y .^ ,  z.^ ), the l in k  mass
position ( x , y , z ) and the base load pos it ion  ( x. , ,  y. , zK1 ) K v com’ J com’ com ' K ' b l 5 J b l ’ bl
are given. A typ ica l communication between w ith  the User and the program is  
as fo llow s.
INITIAL DATA FOR LINK 1
DO YOU WANT TO READ DATA FROM A FILE
( Answer Yes or No ) I f  the answer is  Yes 
Warning:
EXTERNAL FILES CAN ONLY BE USED WHEN YOU ARE SURE 
THAT BOTH THE MAXIMUM AND MINIMUM DISPLACEMENT AND 
THE VELOCITY IS NOT EXCEEDED. IT IS ADVISABLE TO 
USE THE TERMINAL INSTEAD.
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INPUT FILE NAME FILENAME.
The program then co llec ts  a l l  the data from the f i l e  FILENAME.
I f  the User p re fe rs  to  type in  the data from the  TERMINAL, t h i s  is  the  
fo llow ing conversation between the User and the program.
INPUT VALUES OF LINK WIDTH, LENGTH AND HEIGHT
INPUT THE AXIS OF ROTATION FROM THE BASE OF LINK 
(That is  w ith reference to  pos it ion  A.
INPUT INITIAL ANGULAR DISPLACEMENT (ORDER X,Y,Z ) 
IN DEGREES
INPUT THE DISPLACEMENT OF PREVIOUS AXIS FRAME SYSTEM 
ABOUT AXIS OF ROTATION
INPUT TIP-LOAD, MID-MASS AND END-LOAD
INPUT TIP - LOAD POSITION ABOUT AXIS OF ROTATION
INPUT LINK CENTRE OF MASS ABOUT AXIS OF ROTATION
INPUT END - LOAD POSITION ABOUT AXIS OF ROTATION
INPUT 1 FOR DISTRIBUTED MASS MODEL OF LINK 
2 FOR LUMPED MASS MODEL OF LINK
INPUT THE TYPE OF JOINT YOU REQUIRE 
INPUT R FOR REVOLUTE JOINT 
T FOR PRISMATIC JOINT
INPUT THE AXIS OF ROTATION 
INPUT X FOR ROTATION ABOUT X AXIS
Y   Y , ,
Z   z , ,
INPUT IFOR MODEL MOTION
2 FOR D.C MOTOR AND HARMONIC DRIVE
3 FOR D.C MOTOR, HARMONIC DRIVE AND BELT DRIVE
4 FOR D.C MOTOR, BELT DRIVE AND HARMONIC DRIVE
5 FOR THE GENERAL POWER ACTUATOR.
( The use of modules 2 - 5 is  re s tr ic te d  only to  experienced Users' and i f
any of these number is  keyed the program stops. )
I f  model motion is  selected,
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INPUT 1 FOR TRIANGULAR MOTION 
2 FOR CAM MOTION
INPUT THE DISPLACEMENT OF THE JOINT BY (IN RADIANS)
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
JOINT DISPLACEMENT AND VELOCITY LIMITS 
( IN RADIANS )
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
INPUT MINIMUM JOINT DISPLACEMENT 
INPUT MAXIMUM JOINT DISPLACEMENT 
INPUT MAXIMUM JOINT VELOCITY 
INPUT THE TOTAL NUMBER OF DIVISION 
INPUT TOTAL TIME OF TRAVEL
The conversation with the use of the INITAL modules ends here.
The fo l lo w in g  conversation then fo llows fo r  the geometrical modelling and 
graph p lo t t in g .
INPUT 1 FOR T4010
2 FOR T4014
3 FOR T5600
4 FOR S5250
5 FOR CC906N
6 FOR CC906W
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TER M INAL
SUPERVISO R
TIM E R
C ALL DRVE1
CALL D R VE10
C ALL JNT1
i
i
CALL
i
J N T IO
call s / m r
r  —
STOP
“ END"
CALL L IN K !
i
i
CALL
i
L i n k i o
----i
CALL R E S T1
!
i
CALL b E S T IO
1
CALL M UDA10
i
CALL
I
MUDA1
CALL IN IT 1
i
i
CALL
i
INITIO
I N I T I A L  MODULES
D R IV E  MODULES
J O IN T  M O D U L E S
L IN K  MODULES
RESULTS MODULES
GEOMETRIC M ODELLING  
MODULES
GRAPH PLO TTIN G  MODULE
. B - l :  The flo w ch a rt o f the  fo rw ard  s im u la tio n  ve rs ion  o f th e  RADSP
Somoye December 1985.
Fig
A. E.
TER M INAL  
 -V ------
SUPERVISO R
C ALL GRAPH
STOP
C ALL IN IT 1
i
i
C ALL
i
'I N I T 5
&
CALL
CALL
TR A JE T
IN V K IN
V
TIM ER
i
CALL DRVE1
i
i
CALL
i
DRVE5
C ALL JN T1
i
C ALL
i
’ J N T 5
I
CALL L IN K 1
' CALL L IN K 5
I N I T I A L  M O D U L E S
TRAJECTORY AND INVERSE  
K I N E M A T I C  MODULES
D R I V E  MODULES
J O IN T  MODULES
L I N K  MODULES
C ALL R E S T 1
i
CALL
I
R ES T5
*
CALL MUDA5
•
CALL
I
MUDA1
RESULTS MODULES
GEOMETRIC MODELLING  
M O D U L E S
GRAPH P LO T T IN G  MODULE
END
B-2: The flo w ch a rt o f the  backward s im u la tio n  vers ion o f the  RADSP
Somoye Oecember 1985.
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F ig . B-3: A schematic sketch o f a robot l in k .
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APPENDIX C.
THE ASEA IRb6 ROBOT TECHNICAL DATA.
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Appendix C.
The Asea Irb6  robot tech n ica l da ta .
The te c h n ic a l  data f o r  the Asea IRb6 robot is  su p p lie d  by ASEA ROBOTICS, 
Sweden.
G E O H E T / i y  -  I Z 6  (o t 'L
m0
L o  m
-^ 7777^ 7777777- 
"  DATA 1 tnQch a n t c a l  p a r t .
W e i ^  V i i W o r k in g  r ^ n ^ e .
v n 0  =  6 8  £ 3 • A =  0,12 -  1 J D ° ^  V  £  +  1 1 0
=  j * / 11 i . ^ 0 , 7 0 II
+  ^ 0 °
t o p  -  6 11 / - b = o , z s ?
I t -  15 °  <  o <  < -  + H O °
m ,  =  2 , 2 11 £ ,  = 0 ,V S I I - < \ 0 o ^  i  £  +  1 0 °
t« A  =  5 J f n t , 0-  0,225 II - 1 8 0 ° *  v  *  +  / g o °
m 2  = 3 , 3 u 1 ^ 4 7 / /
^ \Y \  =  6 1/ 1-20= 0.M5 1/
l 3 = o , i II
* )
c a p c ic t - t t j ,
. E. Somoye December 1985.
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2 FUNCTION OF THE SERVO.SYSTEM
Page 4
Mechanical
system
\ ------— /
Speed
regulator
Position
regulator
itrol • 
iipment
Desiredj 
speed |. 
value
Desired
position
value DC-motor-
Actual 
speed value tachometer
Actual position value osition transmitter
Block Diagram of the Servo System
ition
5 Desired value
Actual
value
Desired
speed
value
Positioning time (t^ ) 
Dag
Retardation
. . P  t±me ( Oi ; •/••>#. A
'Process in the 
Servo System
FUNCTION:
The desired value from the control equipment 
is put out in transfer increments. Thus a 
• certain programmed transfer corresponds to • 
a certain number of increments. They are put 
out in a constant quantity per time unit 
corresponding to the programmed speed until 
the whole transfer has been instructed. Ac- . 
cordingly the value set for the position re­
gulator is a position ramp, corresponding to 
a square pulse in speed. The position regu­
lator emits a signal proportional to the dif­
ference between the value set-for .the posi- • 
tion and the real position' (=* the actual pos­
ition value).
This difference is called the lag of the 
servo as it indicates the distance which the 
real mechanical motion lags behind the value 
set for the position. The lag is proportional 
to the speed.
The output signal of the position regulator 
constitutes the value set for the speed regu­
lator.
In*the case of PTPC and PTPL instructions, 
the jump to the next instruction takes place 
as soon as the control equipment stops put­
ting out-transfer increments, i.e. when the 
retardation should have begun. ‘
In PTPF transfers, on the other hand, the 
"in position" signal is awaited before the 
jump to the next instruction takes place.
The "in position" signal is emitted when the 
•lag is’below the set.value of the zero zone.
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APPENDIX D.
THE EXPLICIT KINEMATIC AND DYNAMIC EQUATIONS OF THE ASEA IRb6  ROBOT.
E. Somoye December 1985.
Appendix D.
The e x p l ic i t  k inem atic  and dynamic equations o f the  Asea IRb6 ro b o t.
The kinematic equations.
For a 5 l in k  se r ia l ASEA IRb6 robot shown in Figure 6.1, each l in k  has 
one ro ta t iona l degree of freedom. The kinematic equations fo r  th is  robot 
are w r i t te n  as fo llow s using the generalized kinematic equations of Chapter 
2 and the robot data given in  Table 6.1.
The angular displacement vectors are as fo llows:
(  9  } =  {  0 ,  0 ,  0  > T ,
p p / p  p/p
{ 9  1 } 1 / 1  "  '  o , 0 y 1 ’ 0 1  1 / 1
1 9 2 } 2/ 2 = ( e x 2 ’ ° ’ 0 1  2/ 2
{ 9 3 } 3/3 1 Sx 3 ’ 0 , 0 1  3/3
{ 9 4  } 4 / 4  { 9 X 4> °» 0  } 4/4
{ 9 5 1 5/5 { ° ’ ° ’ 9 z 5 } 5/5
( 0.1 )
( D.2 )
( 0.3 )
( 0.4 )
( 0.5 )
( 0.6 )
Since there are no radial motions, a l l  i n i t i a l  displacement vectors 
are those due only to  the l inks  length.
{ R op, 1  } 1 / 1  = { °* 1 1 * 0 } 1 / 1
( 0.7 )
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{ R o l,2  } 2/2 = { °» 1 2* 0 } 2/2
{ R o2,3 } 3/3 = { °* 1 3’ 0 > 3/3
{ R o3,4 } 4/4 "  { ° ’ 1 4 ’ 0 } 4/4
{ R o4,5 } 5/5 = { ° ’ 1 55 0  } 5/5
The l in e a r  position vectors are:
{ R p . l  } 1 / 1  '  C L p ]  1 { R op ,l } 1 / 1
{ o, 1 v  0  }
{ R p , 2  1 2 / 2  "   ^ L 1 ]  2 { { R o l , 2  1 2 / 2  +
< x 2
- ( 1 i + 1 o  ) S ex 2
J
{ R p,3 } 3/3 "  [  L 2 ] 3 { { R o2,3 } 3/3 +
< ( 1 1 + 1 2 ) c ( 0x 2 +
A. E. Somoye
( D.8 )
( D.9 )
( D.10 )
( D .U  )
( D.12 )
{ R p,l } 1/1 }
( 0.13 )
{ R p,2 } 2/2 }
8 * 3 > + 1 3 C 9x 3
9 3  ^ "  1 3 S 9x 3
( 0.14 )
December 1985.
{ R p ,4  } 4 / 4  = *■ L 3 ]  4 { { R o3 ,4  } 4 / 4  + { R p,3  } 3 / 3  }
r \
<
( 1 1 + 1 2 > C ( 9x 2 + 0x 3 + 9x 4 }
+ '  3 C 1 9x 3 + 9x 4 } + 1 4 C ex 4
" 1 3 C * 9x 3 + 0x 4  ^ ‘  1 4 C 9x 4
( D.15 )
{ R p,5 1 5/5 "  t  L 4  ^ 5 { 1 R o4,5 } 5/5 + { R p,4 } 4/4 }
( 1 1 + l o ) c ( 0x 2  + 9» ’  + a ) S 9x 3 "x 4 ' J “ z 5
+ 1 3 C  ^ 0x 3 + ex 4 ) S ez 5
+ 1 4  C 9x 4 S 0z 5
( 1 , + 1 ,  ■) C ( ex 2  + e„ ,  + ev a ) C ex 3 °x 4 '  "  ” z 5
+ 1 3 C * \ 3  + 9x 4 > C 9z 5
+ 1 4  C 9x 4 C 9z 5
-  ( 1 1 + 1 2  ) c ( ex 2  + ex 3 + 9X 4  )
'  1 3 C 1 ex 3 + ex 4  ^ ‘  1 4  C 9x 4
J
( D.16 )
Somoye December 1985.
The o r ie n ta tio n  vectors are:
{ a p > i / 1  = { 0 , ey v  0  }
{ n p 1 2 / 2  { ®x 2 ’ 9y 1 ’ 0  }
{ n p 1 3/3
/  ' '  
9x 3 + 9x 2 
0 .y  i
0
( 0 .1 7 .)
( D.18 )
( D.19 )
t  a  p  > 4 / 4
r \
0x 4 + 9x 3 + ex 2
< 9 y  i
r  ^
\  4 + 9x 3 + 9x 2
{ a p } 5/5 < ■ 9 y  i
z 5
V.
The angular ve lo c ity  vectors are:
< « P > p/p = { °> °> 0  > p/p
{ u 1 } 1 / 1  = 1 “y  1 ’  0  1 1 / 1
( D.20 )
( 0.21 )
( 0.22 )
( D.23 )
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{ U 2 > 2/2 = { ux 2* °* 0 } 2/2
{ u 3 } 3/3 = { ux 3’ 0> 0  1 3/3
{ w 4  } 4 / 4  "  ( ux 4’ 0  1 4/4
{ u 5 } 5/5 "  { ° 5 0) uz 5 } 2/2
The l in e a r  ve lo c ity  vectors are:
{ R  p , i } i / i  = *■u i  -1 i / i { R  p , i 1 i / i
{ 0 0 0 }
( D.24 )
( D.25 )
( D.26 )
( D.27 )
( D.28 )
1 R p , 2  5 2 / 2  = C “ .2 l  2 / 2  { R p , l  } 2 / 2
+ [ L i  3 2 { R p, l  > 1/1
= [ o 2 ] 2/ 2 { R p)2 1. 2/2  + t R p>1 > 2 / 2
r *\
\  “ k 2  ^ 1 1  ■ + l 2 ' S ’x 2 >
“ x 2  '  1 1 + 1 2  * C ex 2
( D.29 )
{ R.p ,3  } 3/3 “  ^ u 3 -1 3/3 { R p,3 } 3/3 + { R p,2 } 3/3
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( “ x 3 + U X 2 ' ( 1 1 +  ^ 9 ) S ( 0 V 9 + 0 V 9 )
< + “ x 3 1 3 S 9x 3
x 2 "x  3
( “ x 3  + ux 2 ^  1 1 + 1 2 * C  ^ 8x 2 *  9 x 3 *
+ “ x 3 1 3 C 9x 3
V J ( D.30 )
r
< R p,4 1. 4/4 [  u 4  ]  4/4 1 R p,4 } 4/4 + { R p,3 } 4/4
'N
( ux 4 + ux 3  ^ 1 3 S  ^ 9x 3 + 9x 4 ^
+  ^ ux 4 + “ x 3 + "x  2 * * 1 1 + 1 2 V S  ^ 9x 2 + ®x 3 + 9x 4  ^
+ ux 4 1 4 S 9x 4
( “ x 4  + "x  3 '  '  3 C * 9x 3 + 9x 4 }
+  (  u x  4  +  u x  3  +  u x  2  )  (  1  1 +  1  •> )  c  (  9 „  o  +  q  +  e v  4  )
>
+ ux 4  1 4  C ex 4
x 2 °x 3 x 4
J
( D.31 )
{ R p,5 1 5/5 ^ “  5 -1 5/5 { R p,5 } 5/5 + 1 R p,4 } 5/5
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s ' ■
( uz 5 + “ x 4 + ux 3 > 1 3 C ( 6x 3 + ex 4 + 9z 5 ^
+ ( uz 5 + ... + ux 2 ) ( 1 i  + 1 2   ^ C ( 9x 2 + * "  + 9z 5 ^
+ ( o z 5  + ux 4 ) 1 4 C ( ex 4 + 9z 5 >
* “ z 5 + “ x 4 + ux 3  ^ 1 3 S * 9x 3 + 9x 4 + 9z 5 *
^  + ( “ z 5 + ••• + “ x 2 ^  1 1 + 1 2 '  S  ^9x 2 + • "  + 9z 5  ^ ^
+ l “ z S  + ux 4 * 1 4 S * ex 4 + 9z 5 ^
^ “x 4  * “x 3 * 1 3 0 * 9x 3 + 6x 4 '
+ ( “x 4  + “x 3 + “x 2  ^  1 1 + 1 2 '  C ^ x  2 + 9x 3 + ex 4 *
+ ux 4 1 4 C 9x 4 ,
V      J
( D.32 )
The o r ien ta tion  ve lo c ity  vectors are:
{ n p } i / i  ■ { u i  } i / i
{ o, u v  0  } T
( D.33 )
{ n p } 2 / 2  { u 2 }- 2 / 2  + 1 u 1 } 1 / 1
J
= * wx 2 * ^  l  * ^ ^
( D.34 )
{ n p } 3/3 ~ { u 3 } 3/3 + { u 2 } 2/2 + { u 1 } 1/1
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ux 3 + ux 2
J 1y i
( D.35 )
< n  P  > 4/4 = 1 u 4 } 4/4 + 1 u 3 } 3/3 + 1 “  2 } 2/2
+ { o x } ;1 /1
ux 4 + ux 3 + °x 2
y i
( D.36 )
{ n p } 5/5 = { “  5 } 5/5 + { u 4 } 4/4 + 1 u 3 } ' 3/3
+ { u 2 ) 2 / 2  + 1 u l  1 1 / 1
r CJ/I  + (0 o + (0 ox 4 x 3 x 2
y  1
(0  r-z 5
J ( D.37 )
The angular acceleration vectors are:
1 “  1 1 1/1 { 0 , o 0  > ^
( D.38 )
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T
{ u 2 } 2/2 = 1 “x 2 ’ ’ } 2/2
{ u 3 } 3/3 "  { “x 3’ ° ’ 0  1 3/3
< u 4  } 4 / 4  ■ 1 ux 4’ 0  } 4/4
1 u 5 } 5/5 = { °> °> uz 5  } 5/5
The l in e a r  acceleration vectors are:
{R  p , i } i / i  ■ c u p ]  i / i { R p , i } i / i
+ c Up ]  i A  i  r  p > 1  > m
t o,  o, o > T
{ R p , 2  } 2 / 2  '  C ° 1 3 2 / 2  { R p , 2  } 2 / 2
+ C l x 3 2  t R p>i  > i / i
+ C o i  ]  g/ g 1 1 R P ) 2  } 2 / 2  + 1 F
( D.39 )
( D.40 )
( D.41 )
( 0.42 )
( 0.43 )
p , l  ) 2 / 2  }
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r\  * 1 1 + 1 2 * * “x 2 S e * 2  + “x 2 C #x 2 7
y
( I t  + 1 0 ) ( uX 0 C 0 X „ + ux 0 S 9X 9 )
j
{ R p,3 } 3/3  ^ °  2 -* 3/3 { R p,3 } 3/3
+ [  L 2  ]  3  { R p ) 2  >. 2 / 2
( D.44 )
+ *- u 2  ^ 3 /3  { { R p,3 3/3 + {  R p,2 } 3 /3 }-
r ~ \
( 1 x + 1 2  ) ( ( “ x 3  + ux 2   ^ S  ^ 9 x 2  t e x 3  '  
-  ( ox 3 + 2 ox 2  »x 3 ) C ( ex 2  *  9X 3 *
*  "x  2 C * 9x 2 ‘  9x 3 * ^
1 ,  ( u ,  S 9 o + cj o C 0  o )  3 v x 3 x 3 x 3 x 3 '
( 1 1 + 1 2  ) ( ( ux 3  + ux 2 '  C  ^ 9x 2 + e x 3  ^
- ( ux R + 2  ux 2  ux 3  ) s ( ex 2  1  ex 3  '
+ “ x 2  S * 6x 2 x 3 ) )
1 3 * “ x 3 C 9x 3 + “ x 3 S 9x 3 '
( D.45 ) J
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1 R p , 4  } 4 / 4   ^ u 3 1 4 / 4  { R p , 4  } 4 / 4
+  [  L  3  ]  4  t  R  p > 3  )  3 / 3
+ t  o 3 ]  4 / 4  ( ( R p > 4  } 4 / 4  + ( R P j 3  ) 4 / 4  >
r
0
( 1 1 + 1 2 ^   ^ ° x  2 C  ^9 x 2 0 x 3 ~ 9 x 4  ^ +
A S ( e x 2 + 9 x 3 + 9 x 4 )  -  8 C ( 9 x 2 + 9 x 3 + 0 x 4 > > +
1 3 ( u x 3 S ( 9 x 3 - 9 x 4 } + ux 4 S ( 9 x 3 + 9 x 4 >
<J + B C t 9 x 3  t e x 4 > ) *  1 4 < “ x 4  S 9 x 4 '  u x 4 C e x 4 > J>
( 1 ! + 1 2 ) (  ^ u x 2 S  ^9 x 2 9 x 3 9 x 4  ^+
AC ( 9 x 2 + 9 x 3 + 9 x 4 > + 8  S ( 9 x 2 + 9 x 3 + 9 x 4 > > +
1 3 ( u x 3 C ( e x 3 ' e x 4 ) + ux 4 C ( e x 3  + 9 x 4 '
+ D S ( 9 x 3 *  e x 4 ) 1  + 1 4 ( u x 4 C 9 x 4 + u x 4 S 9;x 4 }
^  ( D.46 /
{ R p,5 } 5/5 = t  u 4 -1 5/5 1 R p,5 5/5
+ [  L 4  ]  5 { R p ) 4  ). 4 / 4
+ C u 4  ]  5 /5  { { R p,5 5/5 + { R p,4 1 5 /5  }
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r ~  • ^( 1 1 + 1 2 ) ( E S e z 5 - u z 5 C ( e x 2 + e x 3 ♦ e H ) C » z 5
-  H uz 5 C ez 5  - K oz 5 )
+ 1 3 ( F S 9z 5 - “ z 5 C < 9x 3 + “ x 4 ’  C 9z 5
- J u ,  C 9 c - M u  c ) z 5 z 5 z 5 '
+  1 .  (  G  S  9 r- -  U  r C Q  ii C  0 r-4 v z 5 z 5 x 4 z 5
u c u . S 0  . C 9 - N u _ )z 5 x 4  x 4 z 5 z 5 '
( 1 1 + 1 2 ) ( E c ez 5 ‘  “ z 6  0  * ex 2 + ®x 3 + ®x 4 '  S 9z 5
<
- H uz 5 S 9z 5 '  P uz 5 >
+ 1 3 * F C 9z 5 " "z 5 C * 9x 3 + 9 x 4 ^ S 9 z 5
‘  J uz 5 S 9z 5 '  5  “ z 5 '
+ 1 4  ( G C ez g -  uz 5 C 9x 4  S ez 5
u c u « S 9 . S 9 c -  R u )z 5 x 4  x 4 z 5 z 5 '
( 1 1 ♦ 1 2 ) <■ C “X 2 ?  ( ex 2  - 9x 3  - 9x 4  > +
A C ' 9x 2 + 9x 3 + 9x 4 > + 6 S ( 9x 2 + 9x 3 + 9x 4 > > +
l 0 ( u 0 C ( 9 0 - 9 . )  + u . C ( 9 0 + 9 . )3 ' x 3 v x 3 x 4 ' x 4 v x 3 x 4 '
+ DS < 9x 3  + ex 4 >  > + 1 4 <  “x 4 C 9x 4  + “x 4 S 9x 4 > ,
v. J
( D.47 )
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Where
ux 4 + ux 3 + ux 2 
2 2
“ x 4 + V  3 + 2 wx 2 wx 3 + 2 ux 3 “ x 4 + 2 “ x 2 ux 4
D = ( cj
E =
'x 4 ux 3 '
"x 2 C * ex 2 V  ex 3 '  ex 4 >  +
A S ( 9x 2  + 9x 3 + ex 4 > ‘  B C ( 9x 2 + 9x 3 + 9x 4 }
F * “ x 3 S 1 ex 3 '  9x 4 1 + ux 4 S ( ex 3 + 9x 4 )
+ D C ( ex 3 + ex 4  ) )
G = ux 4 S 9x 4 ‘  “x 4 1  ex 4C 9.
H =
J =
K =
M =
N =
“x 4  + “x 3  + “x 2 * S * 9x 2 + 9x 3 + 9x 4 * 
3 * “ x 4  + “x 3 * S * ex 3 + ex 4  '
1 1 *  1 2  ^  “ z 5  + , . . . +  ux 2  ) S ( 9x j  + . . .  + ez
3 ( oz 5 + + ux 3 ) s ( ex 3 + . . .  + ez 5 )
4  ^ uz 5 + “ x 4 ) S ( e x 4  + 9z 5 ^
1 1 + 1 2 ). < uz 5 + •••  + ux 2  ^ C  ^ 9x 2 + • “  + 9zP =
Q =
R = 1 /| ( uz 5 + uv /i ) C ( ev y, + 0 ,  K )
3 ( uz 5 + . . .  + ux 3 ) c ( ©x 3 + •••■+ ez 5 )
Jx 4 7x 4 °z 5
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The o r ie n ta tio n  acce le ra tio n  vectors are:
{ a p 1 1 / 1 { U 1 1 1 / 1
{ 0 , u 0  }
{ a p } 2 / 2  '  1 “  2  '  2 / 2  + { u 1 } 1 / 1
•  •
{ ux 2 ’ uy 1 ’ 0  }-
{ u 3 } 3/3 + { “  2 1 2/2 + {
ux 3 + ux 2
<
(a) *1y l
o
>
j
1 0  p }-4 /4  = { u 4  } 4/4 + 1 “ 3 * 13/3 + 1
ux 4 + ux 3 + °x 2
y i
J
( D.48 ) 
( D.49 )
u i  1 i / i
( 0.50 )
“ 2 } 2/ 2
( D.51 )
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The dynamic equations.
The dynamic equations o f the ASEA IRb6 robo t are given as fo l lo w s  
using the gene ra l ized  dynamic equations given in  Chapter 2. The robot is  
modeled as a lumped mass system as shown in  F igure  6.1. F igu re  6.1 is  the  
robot data supplied by ASEA ROBOTICS Sweden fo r  the ASEA IRb6 robot.
The l in e a r  momentum vectors are given as fo llow s .
{ G x } i / i  =  M { R } l / x  + { G p
= { 0, 0, 0 } T
{ G 2  } 2 / 2  = M { R T ( 2 ) j 2  } 2 / 2
+ M B(2) 1 R B(2),2 } 2/2 + 1 G 1 } ' 2/2
1/1
( D.53 )
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+< G 4  >
A. E. Somoye
m ( 1 i  + 1 2 ) “ x 2 \
0
Sin ex 2
Cos e 9
v. J
0
+ < ° )
( D.54 )
} 3/3 M T(3) { R T(3),3 } 3/3
+ ^ com(3) * R com(3),3 * 3 / 3
+ M B(3) { R B(3),3 } 3/3 + { G 2 } 3/3
( m 2  1 3  + m 3 1 3 0  ) ux 3 \  Sin 9X 3
Cos e
> + ( G o t2 - 3/3
m b 1 b ux 3 \  "Cos 0X 3 /  
Sin ex
( D.55 )
4 / 4  -  M T(4) 1 R T(4),4 } 4 /4
+ ^ com(4) * R com(4),4 } , 4/4
+ M B(4) { R B(4),4 } 4/4 + { G 3 } '4 /4
( m g 1 4  + m 4  1 4 0  ) ux 4  ^ Sin 0X 4  )  + < 6  3 >=4 / 4
Cos 9x 4 
^  J
( D.56 )
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The fo rce  vectors are given as:
f F 1 1 1/1 = M T(1) { R T ( l ) , l  } 1/1
= m { 0 , 0 , -g >
{ F 2  > 2 / 2  -  H { R i ( 2 ) , Z  } 2/2 + { F 1 1 2/2
1 F i  > 2 / 2
( D.58 )
( D.59 )
{ F 0 }3 } 3/3 = H T(3) 1 R T(3),3 } 3/3
+ ^ com(3) * R com(3),3 * 3/3
+ M B(3) { R B(3),3 1 3/3 + { F 2 } 3/3
• 2
=  ^ m 3 1 30 + m 2 1 3 K  wx 3 Sin 9x 3 + ux 3 CoS 9x 3
^  ux 3 Cos Qx 3 + wx 3 Sin 0 X 3 -  g^
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m . 1 < u;
S in 9  ^ + w Cos 0b ' b { “ x 3 x 3 x 3 x 3
“  o Cos 9 0 + «*> ? Sin 9x 3 x 3 x 3 x 3 - gJ
+ { F 2 } 3/3
1 F 4 1 4/4 M T(4) { R T(4),4 1 4/4
+ ^ com(4) * R com(4),4 F 4/4
+ M B(4) { R B(4),4 } 4/4 + * F 3 1 4/4
( D.60 )
r
-  < «• 4  1 40 + m a 1 4 K “ x 4 S1n ®x 4 + “ x 4 CoS 9x 4
“ x 4 Cos 9x 4 + “ x 4 Sin 9x 4 '
+ { F 3 } '4 /4
( D.61 )
{ F 5 }'5 /5  ”  M T(5) { R T(5),5 1 5/5 + * F 4 J 5/5
= m K < 0, 0, -g > + { F , >4 5/5
The angular momentum vectors are given as:
( D.62 )
{ H 1 1 1 / 1  " £ 1 1 ]  1 / 1  ( °  1 } 1 / 1
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t  1 1 ] 1/1
r *\
u ix 1 
{  0
0
( D.63 )
{ H 2 } 2 / 2   ^ 1 2  -* 2 / 2  ( °  2 1 2 / 2
+ *• R T(2),2 ]  2 / 2  { G T(2) } 2 / 2  + { H 1 * 2 / 2
/
m ( 1 - + 1 o ) “x 2
_
V. J
+ <H J l .-2 / 2
[  1 2 1 2 / 2 0 
0
1 H 3 1 3/3 ”  *- R com(3),3 ]  3/3 { G com(3) } 3/3
( D.64 )
+ C R T(3),3 -1 3 /3 { G T(3) } 3/3 
+ *• R B(3) ,3 -*3/3 1 G B(3) } 3/3 + * H 2 1 3/3
r
.  < > + { H 2 } 3 /3
J
( D.65 )
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t H 4  } - 4/4 = [  R com(4),4 ]  4/4 { G com(4) 5 4/4
+ *■ R T(4),4 ]  4 /4 { G T(4) } 4 /4
+ *- R B(4) ,4 ]  4/4 { G B(4) } 4/4 + { H 3 } 4/4
( m a 1 4 + m 4 1 40 '  ux 4
+ < H 3 >, 4 /4
J
( D. 6 6  )
+ E R T(5),5 3 5/5 { G T(5) } 5/5 + { H 4 } 5/5
= C 1 5 -1 5/5 < + { H }
uz 5 
^ J
4 '  5/5
( D.67 )
The torque vectors are given as:
{ H i  } i / i  -  C u l  ]  1/ l  C I l  3 X/1 { u l  } . l / l
+ [  1 l  1 i / i  { u x } 1/]L
+ [  R T ( l ) , l  ]  1/1 { F T ( l )  }« 1/1
r .  t  r
ux 1 -1  l  m g
C i  x ]  i / i  (  o } + {  o }
J
( D. 6 8  )
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{ H 2 } 2/2 =  ^ u 2 ■* 2/2 *- 1 2 ^ 2/2 { u 2 9 2/2
+ [  1 2  ]  2 / 2 { u 2 ) 2 / 2  + { H 1 1 2 / 2
*- 1 1 1 / 1
ux l
0
0
> + ( H j 2/2
( D.69 )
1 H 3 9 3/3  ^R com(3),3 -1 3/3 { F com(3) 1 3/3
+ *- R T(3),3 -1 3 /3 9 F T(3) } • 3/3
+ £ R B(3),3 -1 3/3 { F B(3) } 3/3 + { H 2 } 3/3
( m 3 1 30 + m 2 1 3 ^  ux 3 + “ x 3 Sin 2  9v ^'x 3
V /
r
ra b 1 b  ^ ux 3 " “ x 3 Sln 2  9x 3 "  9  *
<
2 '  3/3
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< H 4  > 4 / 4  = C R com(4),4 -1 4 /4  { F com(4) } 4 /4
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+ C R T (4 ),4  ]  4 /4  9 F T(4) 9 4 /4
+  ^ R B(4),4 ]  4/4 9 F B(4) } 4/4 + 9 1
r
< m 4 1 40 + m a 1 4 ]  ( ux 4 + “ x 4 Sin 2  9x 4 ‘  '
.  <
+ 9 H 3 9 4 / 4
9 H 5 9 5/5 u 5  ^ 5 / 5  *• 1 5 -* 5/5 9 u 5 9 5/5
+ *- 1 5 -* 5/5 9 “  5 9 5/5
+ £ R T(5),5 -1 5/5 F T(5) }- 5/5 + 9 H
[  I ]
5 5 / 5  < +
{ 1
z 5J
3 } 4 / 4  
-\
)
>
J
( 0 . 7 1  )
4 9 5/5
4 9 5/5
( 0 . 7 2  )
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APPENDIX E.
THE ROBOT -  BELT DRIVE TECHNICAL DATA.
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Appendix E.
The robot -  b e l t  d r iv e  t e c h n ic a l  d a ta .
The belt - drive.
Pulley ( AT10 type ) 
Pulley outer diameter 
Number of teeth 
Width
58.06 mm 
19
45 mm ( Flanged ).
Belt.
T h e  s h o r t e r  b elt is 45 A T 1 0  O b l i q u e  1080 and t h e  s e c o n d  b e l t  is 45 A T 1 0  
Oblique 1360.
T h e  p u l l e y s  and t h e  t o o t h e d  b e l t s  are s u p p l i e d  by F E N N E R  and t h e  belt 
tensioning equation is given in Figure E.l.
The harmonic drive.
The harmonic drive number is HDUC 32 - 102 - 2ABL3
Input power 
Input speed 
Output Speed 
Output power
0.48 KW 
3500 rpm 
34.3 rpm 
114 Nm
Mean spring rate of FI exspline 81870 Nm/radian
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The d.c motor and tacho.
The d.c motor is a Printed armature d.c servo motor G19M4
Rated Speed :
Rated voltage :
Power Output at rated speed 
Rated current 
Terminal resistance 
Torque constant 
Emf constant 
Damping constant 
Total inertia 
Armature inductance 
Mechanical constant
3000 rev/min 
83 Vdc
1000 W
14.4 A
0.65 Ohm at full speed temperature.
34 oz in/A
25 V / 1000 rpm.
11 oz in / 1000 rpm 
20.18 oz in sec 
< 100 microhenry 
0.01 sec.
The tachometer is the Printed armature tachometer G12T
Speed range 
Output gradient 
Output impedance 
Inertia
50 - 4000 rpm 
6 Vdc / 1000 rpm 
1 Ohm
0.021 oz in sec^
The controller is supplied by Printed motor and the number is 4Q3P2.
The encoders are incremental type, supplied by Litton Shaft Encoders and 
the part numbers are 70 BI 1024 - 1 - 3 - 0 and 70 BI 2500 - 1 - 3 - 0. The 
limits of travel are achieved by the use of t w o  cams operating t w o  roller 
switches, numbers 338 - 298 supplied by Radio Spare.
T h e  p l u m m e r  b l o c k s  are s u p p l i e d  by SKF and t h e  p a r t  n u m b e r  is 
SNA505TA. The flexible couplings part number is WAC 30 - 12 - 12. The robot 
link, a d d e d  m a s s e s  and t r a n s m i s s i o n  s h a f t s  are m a d e  of m i l d  steel. T h e
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s h o c k  a b s o r b e r  is s u p p l i e d  by ACE c o n t r o l s  i n t e r n a t i o n a l  a nd it is t h e  A 
1/2 X 1 w i t h  r e c t a n g u l a r  f l a n g e s  and a s elf c o n t a i n e d  s p r i n g  m o d e l .  T h e  
circuit diagram for the incremental encoder decoding device and the digital 
to analogue converter are given in Figure E.2 and E.3 respectively.
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E-l: The manufacturer's equation for tensioning the t o o thed belt.
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Fig. E-2: A c irc u it diagram of the incremental 
encoder decoding device.
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F i g .  E-3: A c i r c u i t  d i a g r a m  o f  t h e  12  b i t
d i g i t a l  -  t o  -  a n a l o g u e  c o n v e r t e r .
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APPENDIX F.
THE CONTROL ALGORITHMS FOR DIFFERENT ROBOT BELT DRIVE CONFIGURATIONS.
. E. Somoye December 1 985 .
Appendix F.
The control algorithms for d ifferen t robot belt -  drive configurations.
The P.I.D controller with feedback gains.
T h e  c o n t r o l l e r  e m p l o y e d  fo r  the control s i m u l a t i o n  of t h e  d r i v e  
c o n f i g u r a t i o n s  are t h e  sa m e ,  t h e r e f o r e  a g e n e r a l  a l g o r i t h m  f o r  t h i s  
controller has been formulated and developed into a CONTROLLER module which 
now forms part of the RADSP. The control algorithm is given as follows.
The torque generated by a d.c motor is given as
e - e .
T p c m  = K . i a = K , 1 aGEN t a t L S + R a a
Where S represents the La Plase Transformation, 
and
e b ■ K b S S  N
( F . l )
( F.2 )
For open loop control,
e = K 0 + K t 0 + K . S 0  a p c I c d c
( F.3 )
and for closed loop control.
e = K  ( e  - K . e „ )  + K T ( e  - K - . e la p ' c fp r '  I_ ' c fl r
+ K . ( S 9 - K S 0 )d c fd r
( F.4 )
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Therefore, the motor current is given as
(■
d i  = 1  [ e  - e , - R ia \ a b a a
dt L aa
( F .5  )
T h e  use of Gear's m e t h o d  or any o t h e r  n u m e r i c a l  i n t e g r a t i o n  m e t h o d
requires that the robot dynamic equations be broken down into a number of
f i r s t  o r d e r  e q u a t i o n s  w h i c h  equal t h e  e q u a t i o n  order. T h e r e f o r e ,  let t h e
c u r r e n t  i be r e p r e s e n t e d  by a f u n c t i o n  Y(l) w h i l e  t h e  d e r i v a t i v e  of t h e  a
c u r r e n t  is r e p r e s e n t e d  by a f u n c t i o n  FTN(l). T h e  r e s u l t i n g  e q u a t i o n s  are 
given as follow.
Y(l) = i a
FTN(l) = 1  ( e a - e b " R a Y(1)
L a
( F .6 )
The d.c motor - harmonic drive - robot link configuration.
F r o m  F i g u r e s  8.1 and 8.16, t h e  control a l g o r i t h m  f o r  t h i s  d r i v e  
c o n f i g u r a t i o n  is o b t a i n e d  f r o m  its d y n a m i c  e q u a t i o n s  w h i c h  ar e  g i v e n  as 
follow.
T GEN = ( ° M  + ^ HD  ^ 9 M + B M 9 M + n K HD * 9 M " 9 r *
n
( F.7 )
2
n K „n ( 9 ■ 0 ) = n J , 0 + n T Pr>HD v M  r 1 e r GR
n
( F .8 )
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Let
Y(2) = 0 M , Y(3) = S e M , Y (4) = e p ,
Y(5) = 9  r , Y( 6 )  =  S 9 r
Therefore 
FTN(2) = Y (3)
( F.9 )
FTN(3) = 1 / K t Y (1) - B M Y(3) - n 2 K Hn ( Y(2) - Y(5) )
( j M + 0 h d  ) \
( F.io )
FTN(4) = Y (5)
FTN(5) = Y(6)
( F.ll )
( F.12 )
FTN(6) = 1 I  n 2 K HD ( Y(2) - Y(5) ) - » T ffl
n J
e
( F.13 )
The d.c motor - harmonic drive - belt drive - robot link configuration.
T h e  d y n a m i c  e q u a t i o n s  of t h i s  d r i v e  c o n f i g u r a t i o n  ar e  g i v e n  in 
equations 8.24 to 8.26, the control algorithm for the system is obtained as 
follows.
Let
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Y ( 2 )  =  e  „  .  Y ( 3)  =  S  0  H  ,  Y ( 4)  =  0  1  Y ( 5)  = S 9  j
Y(6) = 0 r , Y(7) = 0 p , Y (8) = S  0 p
S
Therefore 
F T N ( 2)  =  Y ( 3)
( F.14 )
FTN(3) = 1 j K't Y(l) - B M Y(3) - n 2 K RD ( Y(2) - Y(4) )
( 0 M + J HD  ^ \  n
( F.15 )
FTN(4) = Y(5)
( F.16 )
FTN(5) = 1 [ n 2 K HD ( Y (2) - Y(4) ) - n K gL ( Y(4) - Y(7) )
n J p 1
- B BL ( Y(5) - Y (8) )
( F.17 ) 
F T N (6) = Y {7)
( F.18 )
FTN(7) = Y(8)
( F.19 )
FTN(8) = 1  ( n K BL ( Y (4) - Y(7) ) + n B BL ( Y (5) - Y(8) )
n 0 le
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The d.c motor - belt drive - harmonic drive - robot link configuration.
T h e  p o s i t i o n s  of t h e  h a r m o n i c  d r i v e  a n d  t h e  b e l t  d r i v e  a r e  
i n t e r c h a n g e d  g i v i n g  a c o n f i g u r a t i o n  s h o w n  in F i g u r e  8.1. T h e  d y n a m i c  
equations for this system is given as follows.
T GEN + J PI  ^ 9 M + B M 9 M + B BL  ^ 9 M ' 9 1 ^
+ K BL ( 9 H * 9 1 }
( F.21 )
= J P 1 ® i  + J h d  9 1 + n 2 K HD * 9 1 9 r }
n
( F.22 )
( F.23 )
The control algorithm is thus given as. 
Let
Y(2) = e M , Y (3) = S e H , Y (4 ) = e l f  Y(5) = S e x >
V(6) = e p , Y (7) = e p , Y(8) = S e p
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F T N (2) = Y(3)
( F .2 4  )
FTN(3) = 1 [ K t Y (1) - B M Y(3) -
- B BL ( Y (3) - Y (5) )
( F.25 ) 
F T N (4) = Y(5)
( F.26 )
FTN(5) = 1 / B  b l  ( 7(3) - Y(5) ) + K BL ( Y(2) - Y(4) )
- n 2 K HD ( Y (4) - Y (7) )
( F.27 ) 
FTN(6) = Y(7)
( F.28 )
FTN (7) = Y (8)
( F .29 )
F T N (8) = 1 f n X HD ( Y <4 > ' W )  ' T GR
J le N  n
( F.30 )
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A  robot dynamic simuiatkm program
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ABSTRACT.
The paper presents the outline of a simulation program for the static and dynamic analysis of the 
performance of a multi - arm robot. The program can also be used to synthesise a robot performing a 
task such as moving along a specifiod path, velocity or acceleration profile.
Input Information may be a power transmission drive specification at each joint to enable 
trajectory calculations for particular load conditions to be carried out or, alternatively, the 
calculation may be reversed with the trajectory specified and drive conditions evaluated. Either 
lumped or distributed parameter models of the robot structure may be accommodated within the model and 
linear or non - linear friction effects at the joint can be incorporated.
Examples of the use of the program in modelling the performance of a robot are included in the 
paper.
INTRODUCTION.
To assist with the control of manipulators which 
possess non - linear components, it is necessary 
to compute the forces and torques needed to drive 
the joints accurately and efficiently. This had 
led to the derivation of the equation of motion 
for the manipulators system using differont 
methods. The most widely used of these methods is 
the Lagranglan approach presented by Henami et 
al, Paul, and Hollerbach (1,2,3). This approach 
permits the analysis of systems with open and 
closed kinematic chains. The drawback associated 
with this is the difficulty in generating the 
equations when a manipulator having more than two 
arms is under consideration. The approach becomes 
tedious and time consuming. These difficulties 
led to the development of a number of symbolic 
manipulation programs for the derivation of the 
equations of motion used in conjunction with the 
Lagranglan approach. An alternative to this 
approach is the method of virtual work given by 
Villiams and Seireg (4) which presents only a 
different sequence of steps needod for the 
derivation of the equations. The end result of 
this approach is the same as the Lagranglan.
Obviously, much is not oxpected to be different 
between the two methods since Lagrange equations 
are derivod from the virtual work principle.
Hollerbach (3) later derivod recursive relations 
based on Lagranglan derivation . This approach 
has reduced the computational tiae required to 
solve Lagranglan equations.
Another formulation used widely is the 
method of Hew ton - Euler given by Valker et al, 
and Luh et al (5,6,7). This method yields a set 
of recursive equations which can bo applied to 
the links sequentially and hence overcome some of 
the difficulties associated with the Lagranglan 
approach.
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In order to reduce the complexity of the 
computation, the method of influence coefficients 
was derived by Thomas and Tesar (8) which is 
based on the geometry of the manipulator system. 
This method leads to elementary expressions for 
the equations of motion which can be arranged to 
give other dynamic information of the system as 
required. This method also keeps the system 
parameters and the input dynamics explicit in the 
controlling equations of motion, such that 
analysis and dynamic response results can be 
obtained in a direct manner.
The method of free - body is the most 
straightforward of all the methods used for the 
solution of dynamic problems. This method becomes 
tedious and laborious when a manipulator having 
six or seven arms is under consideration. This 
difficulty is reduced by using a modular form of 
computation in the analysis. In this analysis 
forces and torques are transferred from one frame 
to another by suitable transformation matrices'ah 
applied to kinematic chains by Crouch (9). This 
modification allows recursive programming of the 
manipulator system with the input forces or 
torques referenced to the local joint axes. The 
disadvantage of this method is the time it takes 
to run the program.
The Robot Arm Dynamic Simulation Package 
(RADSP) is designed to assess both the dynamic 
performance of industrial robots and to predict 
their steady - state characteristics. It is also 
intended that the user could use the package for 
rapid design and assessment of new fixtures and 
grippor on robot arms.
To achieve these aims, a modular software 
environment has been developed for the package 
and modules have been developed to represent the 
LINK, JOINT, and DRIVE respectively. The package
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concept Bhown in Figure 1 io a achematic diagram 
of RADSP and it shows the interaction between the 
USER and the program. It alao displays the 
algorithms associated with RADSP.
The method of solution ia baaed on the 
principle of the free body analysis. In this 
approach, each link of the manipulator ia treated 
as if it were a free body with forces and moments 
applied at each joint. The position of each link 
is determined by a knowledge of the state of each 
joint, which may be either rotational (revolute) 
or translational (prismatic) and these qualities 
constitute the generalised coordinates of the 
manipulator system. This method of solution fits 
ideally the modular package concept representing 
each component of the robot structure.
For a robot arm, the simulation program 
structure in Figure 2 shows the CALL routines 
within the program. For a multi - arm robot, the 
program structure allows the repeated use of the 
CALL routines for each arm for the complete 
simulation.
NOTATIONS
manipulator.
C ]
*Fpli/i
|H)
(*•}
M . J/Q
[t]
r
in}
laRA *4
lal
fal
*'CRN * i/i 
l7AHM(i)ii/i
Koli/i
: Denotes the number of arms on the
: Angular Displacement 
: Angular Velocity 
: Angular Acceleration 
: Time
: Total Time
: Denotes a column matrix.
: Denotes a 3 x 3 matrix.
: Force acting on Load P measured in 
frarae^  and reference to frame^
: Angular Momentum
: Torque
: Number suffixes are used in the 
same way as for vector. Thus this 
describes the inertia of body K 
about the axis of rotation 
measured with ’respect to frame J 
and referenced to frame 0.
: Transformation .Matrix. A 3 x 3 
orthogonal matrix of direction 
cosines.
: Mass of Load P.
s Position and Relative Position
: .Specifies the vector of point B 
relative to point A measured in 
frame A.
: Linear Velocity.
: Linear Acceleration.
: Angular Velocity
: Angular Acceleration
: Torque generated by the DRIVE (i)
: Torque to accelerate the ARM (i)
: Arm (i) Mrnvity Torque
|7pRli/i : Joint (i) Friction Torque
("EXT FORCE (i-1)Ii/± ! Torque required to rotate 
all tnu external reaction loads 
appearing at the tip of Arm (i)
{To _1\)^ /j : Reaction torque due to the motion
of preceding joint (i-l) at joint 
(i).
THEORY
A typical robot link (i) as shown in Figure 3# io 
defined in the local cartesian coordinate system 
°4xi.yizi* "he oricin of such a system coincides 
witn the axis of rotation and it is fixed with 
respect to the link (i). A global coordinates 
system remote from the manipulator is defined by 
OXYZ.
Each link of the manipulator is taken as a 
free body and forces and moments are applied at 
each joint as shown in Figure 3* The arm system 
consists of the DRIVE, JOINT, LINK and LOAD 
units. The DRIVE is represented in the figure by 
isometric circles on the face of a cube. The 
DRIVE generates only torques. The torques 
generated are converted into forces by the LINK 
which appear at the tip, the centre of mass and 
the lower end of the LINK. The JOINT which in 
this case is the bearing of the LINK, is 
incorporated into the LINK and carries the 
reaction forces of the LINK. The reaction torques 
of the previous DRIVE appear at the tip of the 
LINK. These reaction torques are transmitted to 
the JOINT and act in opposition to the present 
DRIVE torques.
Equilibrium equation of the arm system is as 
follows:
I*GEnI i/i “ lTAR;l(i)ii/i + W i / i
+ I”fr)i/i
+ (?ext force (i-i)li/i
* (T(i-1)fi/i
[ 1 ]
The generalised expression for the position 
vector of the load P shown in Figure 4 with 
respect to joint (i) is given as
(np,iU/i “ tL i-1 li/i ( lRoi-1 ,i I i/i
* (Rp,i-1)i-1/i-1 1
[ 2 ]
The corresponding velocity vector is
(Rp,ili/i * t" i-1 li/i (Rp,ili/i
* i-1li/i ( 1*01-1,Ji/i
* (Rp,i-1Ii-1/i-1 1
[ 3 1
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Whore [<•» i _1 ] a , i - 10
8 ,1-1 0 
J y,i-1 u x.i-1
7, i-1 
’x,i-1
0
by;
and th« acceleration vector ia
)Rp,i)i/i " tu i-13i/i {Rp,i)l/i
* [“ i-i3i/t (
* [L i-Ji/i ( lRoi-1,i)i/i
* lRp,i-1 li-1/l-1 ) )
+ i-1 li/i ^ )Roi-1,i)i/i
+ )Rp,i-11 i-1 /i-1 1
C 4 ]
The force vector acting on load P is given
)Rp)i/i “ **p (Rpfili/i
The value of inertia I„ (n-1,2.....N) about 
the axis of rotation ia. calculated in the program 
depending upon whether it ia a distributed or 
lumped parameter system.
Torque of Joint ^ ia obtained from the rate 
of change of angular momentum and is given by
{“Ji/i " Cui-lli/i frji/i K-lli/i 
+ f1 ili/i iu i-11 i/i 
* fTG(i)Ji/i + f?FR(i)li/i 
+ l^ i-1^ i/i
+ CRi-1,Ji/i lpEXT LOAD(i-l)li/i
C 5 ]
Where [%_; ili/i l?EXT L0AD(i-1 )li/i ls 
the torque due to the reaction forces acting at 
the tip of link (i) as shown on Figure 3*
For each link, three positions on the link 
are required namely the tip, the centre of mass 
and the position of the end load. These positions 
are cascaded into a 3 x 3 matrix as shown below. 
The matrix replaces the position of the tip of 
the link in all the expressions already given 
above.
[[ IRtip) 1 )Rcom) 1 )Rend load) 33
^Rx,tip) J^.com) )Rx,end load^"
)Ry,tip) )Ry,cora) )Ry,end load)
J^.tip) f^com) J^jend loadL
A three arm manipulator with an end - 
effector ia used to demonstrate the analysis. 
Figure 5 shows the configuration of this 
manipulator which has one rotational degree of 
freedom at each of the link joint and two 
rotational degrees of freedom at the gripper 
joint. The geometric constraint associated with
this manipulator is explained later in the text
where it ia used to demonstrate the RADSP.
The Position expressions are as follows:
C C « p , l ] ] , / 1  ■ f r p l l / l  C [ H o p , , ] ] l / 1
[ 6 ]
Where [[no_ jy refers to the initial 
position or the end-effector.
CCHp,2 ] ] 2 /2  “ [l*i ] 2 /2  ( CCRqI , 2 ^ 2 /2
+ *R P,i *1 / 1  [ M 3)
£ 7 3
Where [ N ] - [ 1 1 1 ]
Such that fa] [ 1 1 1 ]L J “ T a a al
fc] L‘ * :J
[ e 1
[[Rp,3333/3 " tL233/3 ( [[Ro2,3333/3
)Rp,2)2/2 [ fI 3 )
[ [Rp,4334/4 ■ [ ^ 34/4 ( [ [ r o3,4334/4
* {r p ,3)3/3 [ » 3 )
[ 9 ]
For the manipulator shown in Figure 5. there 
are no radial notion on any of the links. 
Therefore, all the {Ron} and {RqjjI terms will 
disappear leaving only the following terms in the 
velocity and acceleration equations.
The Velocity expressions are as follows:
[ [ Rp ,l3 3 l/1  -  [ u p l i / i  [[R p, l 3 3 i / i
+ [LP3i/i [[rp,i33i/i
[ 10 ]
[ [ Rp,2332/2 “ [<J 1 32/2 [ CRP,2332/2
+ [Ll32/2 ( f[R1,2332/2
♦ iR P ,1)1/1 [ 11 3 )
[ 11 3
[£R P,3333/3 ■ 233/3 [ £Rp,3333/3
+ £L233/3 ( C1^ 2,3 3 33/3
* iRp,2 )2 / 2  [ n 3 )
[ [Rp»4334/4 ■ [y  334/4 [ [Rp,4334/4
* £L334/4 ( C[r 3,4 3 34/4
* lRP^)3/3 £ 11 3 )
[ 12 ]
[ 13 ]
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The Acceleration expressions are as follows: 
[[Rp,l33l/1 • [ up 3l/l [CRp,l]]l/1
♦ [ “ p3l/1 ( [tR p,t 33l/1
♦ M / i  M 1 [ M 3)
♦ tLP3i/i iRP(1 lt/t [ m 3
C 14 ]
[[Rpf?332/2 • [ u O 2 / 2  [[Rp,2332/2
♦ [ “ 132/2 ( CCR p,2332/2
♦ [1*1 32/2 ( CCRpti33i/i
+ )R i,2)2 / 2  [ R 3 ) )
♦ ■ CLi 32/2 ( [[Rp,i33i/i
♦ )R 1 ,2)2 / 2  [ N 3 )
[ 15 3
[[RP,3333/3 - C “ 233/3 [[Rp,3333/3
♦ X u 233/3 ( C[Rp,3333/3 
+ C1*2 3 3 / 3  ([[Rp,2332/2
♦ )R 2,3 b /3 [ 11 3 ) )
♦ £ 2^33/3 ( [[Rp,2332/2 
+ )R 2,3)3/3 C K 3 )
[ 16 3
[[•r T),4334/4 -  C “ 334/4 C£Rp»43]4/4
♦ C 0 334/4 ( ttRp,4 334/4
♦ U334/4 [ftRp,5333/3
♦ i R#3 ,4 ) 4 /4  C 11 3 ) )
♦ [1*334/4 ( [tRp,3333/3
- )r 3,4 U/4 [ S 3 )
[  17 ]
SIMULATION PROGRAM
The sinulation program ia written in FORTRAN 77 
and L:i of the nodular type. Prog ran modules hua 
been written for the DRIVE, JOINT, and LINK, 
units. The first call in the program is a CALL to 
'INITIAL* which is a subroutine where all the 
geometric and physical parameter required by. the 
sinulation program are transmitted. The 
parameters required by the INITIAL includes:
(i) The number designation of the manipulator 
link,
(ii) All the links phynical parameters such as 
the dinenaions of the link, weight, centre of 
mass, moment of-inertia about centre of mass, 
centre of rotation, load distribution and 
friction coefficient.
(iii) The angular displacement constraints of 
each joint,
(iv) The normal rest position and energised 
positions.
The output of this subroutine are,
(a) the moment of inertia of the link about 
axis of rotation, its bending momont and static 
defloction, gravity and friction torques are 
calculated using the parameters given in (ii) 
and (iii),
(b) the parameters needed by other subroutines.
This is followed by a CALL to 'DRIVE*. The 
DRIVE subroutine is made up of a library of 
subroutines. These subroutines consists of 
working equations for an electric motor, 
hydraulic motor and cylinder, pneumatic motor and 
cylinder, belt drive, gear, and linkage drive 
modules.
The input into the DRIVE subroutine depends 
on the type of drive required and consists of all 
the necessary data required to initiate the drive 
system. The output parameters include angular 
position, velocity, acceleration, torque 
generated and power consumption . There is a 
provision for a feedback into the subroutine, for 
control purposes. If required, the stiffness of 
the DRIVE and friction torque can also be 
produced. The program is used to calculate the 
output parameters in pre - selected time steps.
The next call is a CALL to 'JOIHT'. The 
JOINT subroutine ia where the rotation matrices 
are generated in the order required. The input 
data consists of angular displacement from the 
DRIVE and the order in which rotation about the 
axi3 OX,0Y,02 takes place to produce a given 
configuration. The output parameter is the 
rotation matrix.
This is followed by a CALL to 'ARM'. The ARK 
subroutine is made up of a deriea of call to the 
subroutines for position,'velocity, acceleration, 
torque, angular nomentun, linear momentum, moment 
of inertia, end force, deflection and power 
consumption. The input data into ARM consists of 
all the output data of the previous subroutines. 
In a case where there are more than one link, the 
output data of the previous link 3erve as input 
data into ARK subroutine. The output data is 
linear position, velocity, acceleration, torque, 
power consumption, end force, deflection, linear 
and angular momentum.
At this stage, if there is more than one 
link, the above subroutines are called in the 
order specified in the INITIAL subroutine. The 
recursive function of the program takes place at 
this stage. After each of the links has been 
considered, the program then moves on to the 
'RT.fiULT' subroutine.
This subroutine compiles the output data of 
the ARM and DRIVE modules and sets them in the 
order required for the GEOMETRIC MODELING and 
GRAPH PLOTTING packages.
The GEOMETRIC MODELING package consists of 
drawing the position of the manipulator at each 
interval of time. This routine can be called in
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when required.
The GRAPH PLOTTING package plota all the 
output da.ta of the DRIVE and ARM modules against 
tine. The grapha can be plotted against angular 
displacement if required.
In addition to tho above modules, there are 
the INVERKIN, TRAJECTORY and MOTION modules, in 
the package.
The INVERKIN module solves the problems 
•rising from the inverse kinematic. The method of 
solution is based on the geometric constraints of 
manipulators. The Inputs into the subroutine are 
the position of the load, the order of rotation 
of the Joints and geomotric constraints. It gives 
the angular displacements of the Joints.
The TRAJECTORY module plans out tho path 
profile of the load given the two end positions. 
The optimisation technique used for this analysis 
is based on the pover consumption and the total 
time of travel. In some cases it is quite 
difficult to achieve both criteria simultaneously 
but one can be substituted for the other 
depending on the requirements.
The MOTION module is used for the generation 
of torque required at the Joint of each link for 
a specified motion. It also serves as an input 
into the TRAJECTORY mo'dule.
An Example:
Instead of the DRIVE subroutine, the following 
equations of motions are modelled to represent 
the desired motions of the robot links shown in 
Figure 5* Each Joint can have three rotational 
degree of freedom but one rotational degree of 
freedom is sufficient at each of the three Joints 
to produce any required displacement profile. The 
subsequent subroutine is called MOTION. The 
Gripper is modelled to bo stationary at all 
times. The equations of motion chosen are those 
given by Derby (10) such that the initial and 
final velocities and accelerations of all the 
motions are zero and their maximum velocities 
occur at the mid-positions of their 
displacements.
9 - 0max ll0(j$)3 - 15(^ V* + 6(^ )5 J
[ 10 ]
u " 9na* I 30Q)2 - 60(^P ♦ 30(£)4}
T
[ 19 ]
a - enax { 60(|) - 180(J)2 ♦ 120(£)3}
T2
C 2 0  ]
To ensure that specified maximum velocities 
of each link are not excoeded, an appropriate 
total time is chosen for the MOTION. The table 
below shows the total angular displacement, 
maximum velocity and the total time to achieve
maximum velocity at each Joint.___________
The initial positions^ are referenced to 
Individual link local axis. All links are 
specified to start and finish their individual
C458/84 ©  IMschE 1984
motions at the same time.
Initial
Position
(rad)
Total
Displacement
(rad)
Maximum
Velocity
(rad/aoc)
Total
Time.
(sec]
1st Link 0.26 0.96 1.12 0.86
2nd Link 2.27 1.40 2.44 0.57
3rd Link 2.97 5-93 5.93 1.00
The modeling ia initiated as follows: the 
Gripper is made to be stationary and lie on the 
same axis as the 1st link. Each link ia made to 
undergo a complete cycle through it's working 
range and return to its initial position. This 
is to allow comparisons to be made of thoir 
individual reactions on one another.
Figure 6 shows the angular displacement and 
torque profiles of the links of the robot shown 
in Figure 5* There is only one rotational degree 
of freedom at each of the Joint. On the torque 
graphs, the reaction torques on the Joint 
bearings due to the z - rotation of the third 
link and the unsymmetric load carried by the 
first and second links is shown.
CONCLUSION.
The objectives set out for the RADSP demand the 
use of a simple and flexible method of generating 
the d y n a m ic  equations for the manipulator 
systems. To achieve these aims, a survey was 
conducted to find which method suited the modular 
programme structure. The method of free body was 
found to meet these requirements very flexibly 
although the computational time was long.
However, as the simulation program is an off - 
line procedure this is not too important, the 
main advantage being the ability of tho designer 
to interact with the robot model so. that he can, 
for example, rapidly assess and design new 
fixtures and grippers on the robot links. This is 
because modules can be added to the main body of 
the program to suit the specific requirements of 
the user. The simulation program is written in 
FORTRAN 77 thus making it readily transferable.
Future work will be concentrated on 
validating the model experimentally using data 
from a commercially available robot.
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Fig 1 Robot dynamic simulation package concept
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ROBOT DYNAMIC SIMULATION PROGRAM STRUCTURE.
Fig 2  Robot dynamic simulation program structure
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Fig 3  Free body diagram
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